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Abstract 
 
This thesis is an exercise in exploring the potential of metal-organic framework (MOF) as building blocks 
for developing anisotropic colloidal assembly system using morphology variation in general and distinct 
facet in particular. Our attempt to enrich the field is from two directions: synthetic development of MOF 
as colloidal-sized particles and mechanistic understanding of anisotropic particle assembly.  
The synthetic part initially focused simply on generating polyhedral single-crystals MOF particles in high 
monodispersity to satisfy the quintessential requirement of assembly system. Through this effort, we 
discovered several interesting questions related to the large surface area of MOF colloids: a variable 
previously neglected on the bulk properties. This leads to the theme of this thesis which includes surface 
diffusion, adhesion, stability, dynamics of recrystallization, and its practical implication for frameworks 
made by weak coordination bonds.  
Beyond the creation of MOF colloids, we seek to utilize the particles with emphasis on the versatility of 
facet-to-facet ordering. There is plethora of combinations between assembly systems and experimental 
techniques to select from, but our method of in situ observation allowed access to unique point of view 
where the non-equilibrium system history can be tracked over time, orientation, and displacement of 
the individual particle as well as the ensemble distribution. The external triggers we introduced, AC 
electric fields and liquid-liquid emulsion during phase separation, drive the particle interactions 
spontaneously to form supracrystals in one- and three-dimensions respectively.  
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Chapter 1  
Colloidal Metal Organic Frameworks:  
An Overview 
1.1   Background 
1.1.1 Introduction to colloidal metal organic frameworks 
While it has long been known that nanoporous materials are ubiquitous in industry and our daily 
life,1 the crystalline materials composed of metal ions and organic bridging ligands, advances predicated 
on metal-organic frameworks (MOFs) or porous coordination polymers (PCPs), are recent.2-5 Their high 
surface area, precisely tunable pore size and chemistry, and flexible design of framework structures 
differ from those of other porous materials such as zeolites and mesoporous silica. MOFs are recognized 
to have promising potential in applications ranging from energy and environment all the way to biology 
and medicine. There exist reviews of the applications of these materials, among them storage,6-8 
separation,9,10 reaction,11-14 sensing,15,16 and drug delivery17. Although much activity so far in the MOF 
field revolves around bulk crystalline powders and this is productive, such materials possess random 
crystal size and shape.   
This thesis focuses on new opportunities of MOF research emerging from the cross-fertilization between 
colloid science and MOF chemistry. We refer to these materials of defined pore makeup with tightly 
regulated size and shapes as colloidal MOFs. Methods will be described to regulate not only the size and 
shape of MOF crystals but also how to functionalize the crystal surface via ligand exchange, surface 
adsorbtion, and polymer coating. Development of this interdisciplinary subject could, this perspective 
article argues, enhance the known properties of MOFs and create new functions. Powders with random 
crystal size and shape have no definite mutual arrangement between the neighboring particles, and also 
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no uniformity in surface-to-volume ratio. Uniformity can be important to have when it comes to 
considering uptake and release kinetics (Figure 1); as a second example, it could provide a dense array of 
oriented MOF crystals that would significantly improve separation efficiency.18 Other potential 
applications are outlined in our perspective article19 but specifics mentioned in this thesis includes our 
effort to develop assembly system using colloidal MOFs as the building block. Amorphous coordination 
polymer particles, a related class of colloidal material with interesting properties, are beyond the scope 
of this thesis. 
 
Figure 1. The concept of colloidal MOFs. The panels in this figure illustrate that nanoporous MOFs, 
conventionally prepared in the form of bulk crystalline powders with random crystal size, shape, and 
orientation (left arrow), may also form colloidal-sized objects with uniform size and shape (right arrow). 
Furthermore the traditional MOF functions that depend on porosity potentially may include either open 
pores (top right) and closed pores (bottom right), presenting additional control over those MOF 
functions that depend on pore interactions.  
Preparation of monodisperse MOF crystals, from nanometers to micrometers,20-28 is recently growing 
field. Monodisperse crystals with distinct polyhedral morphologies have been prepared for various 
families of MOF materials, suggesting that the opportunities highlighted here are not limited to specific 
classes of MOFs. The controlled synthesis of MOF crystals is in its early stage, however, and the recorded 
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shapes are, up till now, limited to simple polyhedra. This new field holds opportunities for developments 
not only on the side of physics, self-assembly, and characterization, but also on the side of synthesis. 
Considering self-assembly, we take note that much recent attention focuses on the synthesis and 
assembly of anisotropic particles, such as particles having non-spherical shapes and possessing different 
surface chemistry on two sides (Janus particles), to construct new self-assembled structures with higher 
levels of complexity.29-37 Faceted polyhedral MOF crystals, used as building blocks for self-assembly, are 
expected to enlarge the scope of colloidal self-assembly with structures unobtainable using 
conventional particles. 
Considering self-assembly, we note that much recent attention focused on the synthesis and assembly 
of anisotropic particles, such as particles having non-spherical shapes and possessing different surface 
chemistry on two sides (Janus particles), to construct new self-assembled structures with higher levels of 
complexity.29-37 Faceted polyhedral MOF crystals, used as building blocks for self-assembly, are expected 
to enlarge the scope of colloidal self-assembly with structures unobtainable using conventional particles.   
1.1.2 Synthesis of monodisperse colloidal MOF 
Tunability of various chemical and physical properties of materials by varying their size in the 
region from nanometers to micrometers has opened many new directions in current research and 
modern technology. In particular for the MOF field, monodispersity of crystals in size and shape is an 
important factor not only for in-depth understanding of porous properties including adsorption or 
separation kinetics, but also for assembling MOF particles into ordered supra-crystal structures.28,38-41  
Their complex self-assembled structures might enlarge functionality beyond what is possible with non-
spherical particles made from amorphous polymer or oxides such as silica.29,30,32 In terms of supra-
particle assembly, the polydispersity (standard deviation) of particle size is desired to be less than 10%.42  
The formation of crystals in solution involves two distinct processes: nucleation followed by 
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growth.43,44  Several mechanisms can provide monodisperse nano/micro crystals. Classic studies by 
La Mer et al. showed that the production of monodisperse colloids requires a temporally discrete 
nucleation event followed by slower controlled growth of these nuclei. 45  The initial rapid addition 
of reagents raises the concentration above the nucleation threshold, producing a nucleation burst, 
the formation of a large number of nuclei in a short time. As these nuclei grow, their rapid growth 
lowers the concentration below the nucleation level while allowing the particles to grow further at 
a rate determined by the slowest step in the growth process. This mechanism has been referred to 
as focusing of the size distribution, and is observed for both semiconductor and MOF 
nanocrystals.38,43 
A secondary growth process called Ostwald ripening can also provide monodisperse crystals. In this 
process the high surface energy of the small crystals promotes their dissolution, the dissolved material 
being redeposited during the growth of larger crystals. The average crystal size increases over time with 
a decrease in the number of growing crystals. This size-selective processing can reduce the size 
distribution. The earliest attempts to use synthetic approaches to achieve crystal uniformity were based 
on growth onto template. For example, emulsion-based synthesis involves droplets that generate 
nanocrystals or superstructure nanoshells that can be disassembled into nanocrystals.46,47 but size 
control is limited to nanoscale crystals, mainly due to instability and non-uniformity of large droplets. 
Hence, in this thesis, we are aiming on template free synthesis (Chapter 2) and polymer/surfactant free 
synthesis (Chapter 5) that have high reproducibility. 
Classical nucleation theory gives the following expression for the crystal nucleation rate per unit 
volume (𝐽𝑁) 
𝐽𝑁 = 𝐵𝑁  𝑒𝑥𝑝(−∆𝐺
𝑁 𝑅𝑇⁄ ) 
∆𝐺𝑁 = 16𝜋𝛾3𝑉𝑚
2 3⁄ |∆𝜇|2 
where 𝐵𝑁 is the preexponential factor; ∆𝐺
𝑁 is the activation energy for homogeneous nucleation; 𝛾 
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is the surface tension; and ∆𝜇 is the difference in chemical potential between solid and 
monomers.48 The common approach to control the size of MOF crystals is to add capping ligands 
that coordinate to metal ions,48 which decreases the oversaturation of monomers. Since this 
decreases the parameter ∆𝜇, the nucleation rate 𝐽𝑁 becomes smaller (fewer nuclei), resulting in the 
formation of larger crystals. As expected from this argument, higher concentrations of capping 
ligands increase the crystal size. 
Additives can also affect growth rate. A rational approach is to employ monodentate ligands, called 
capping ligand, which competes with multidentate bridging ligands at metal centers of crystal 
surfaces.21,24 They often have the same chemical functionality as the linkers, and they impede the 
coordination interaction between metal ions and organic linkers. This competitive situation 
regulates the rate of crystal growth and the final crystal size. From these arguments, one sees that 
additives can play two opposite roles: they may increase crystal size by reducing nucleation points 
and may decrease crystal size by suppressing crystal growth.38,49 Which one dominates can be 
controlled by proper choice of the strength of metal-additive coordination and the concentration of 
the additive. 
Earlier example of size control by regulating crystal growth was reported for the representative 
MOF, MOF-5 [Zn4O(terephthalate)3], by Fischer and coworkers.21 In situ time-dependent light 
scattering measurements indicated narrow size distribution and highly symmetry shape. 
Interestingly, the addition of a monodentate capping ligand (p-perfluoromethylbenzencarboxylate) 
terminated the crystal growth and produced crystals limited in size, 100-200 nm. Kitagawa and 
coworkers systematically controlled the crystal size of carboxylate-based MOFs by modulating 
crystal nucleation.24,48,50,51 They finely tuned the size of [Cu3(btc)2] crystals (HKUST-1) from the 
nanoscale (20 nm) to the micronscale (2 μm) by changing the concentration of modulator ligand 
(dodecanoic acid).50 Since the higher concentration of modulator provided fewer nuclei, larger 
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crystals were obtained. A complementary study by Zhang et al. analyzed the relation between pH, 
regulated by the presence of basic capping ligand, and the rate of crystal growth. Small crystals, as 
small as nanometers, were produced using a combination of appropriate capping ligand and fast 
deprotonation.52 In Chapter 2, we delve into alternative of using two capping ligands to generate 
additive effect and modulate the size of particle from several nm to μm range. 
1.1.3 Morphology control of colloidal MOFs 
The polyhedral morphology of colloidal MOFs opens, in principle, a pathway to construct 
new functional complex structures, especially as recent developments show that coordination 
modulation can control not only size but also crystal morphology. Early work by Oh et al. reported 
shape tuning of In-based MOF crystals by a capping reagent (pyridine).22 In the absence of pyridine, 
long (16 μm) hexagonal rods formed. With increasing pyridine concentration, crystal growth in the 
direction of the hexagonal facet was effectively blocked, resulting in short hexagonal rods, 
hexagonal lumps, and hexagonal discs. Morphology control by coordination modulation was also 
demonstrated by Kitagawa and coworkers: a morphological transition from octahedron to cubo-
octahedron to cube in HKUST-1 crystals was observed with an increase of capping ligand 
concentration (lauric acid).50 This was attributed, based on Monte Carlo coarse-graining modelling 
study, to the tuning of growth rates in <100> and <111> directions. The selective capping of specific 
crystal faces of [Cu2(ndc)2(dabco)2] (ndc = 1,4-naphthalene dicarboxylate; dabco = 1,4-diazabicyclo 
[2.2.2]octane) was also demonstrated.24 One of the coordination modes (Cu-ndc) was selectively 
modulated by adding a monocarboxylic acid (acetic acid), producing anisotropic structures such as 
nanocubes and nanorods. Do et al. further extended this control by simultaneously modulating Cu-
ndc and Cu-dabco coordination with monocarboxylic acids and amines, respectively .53 Dual-additive 
methodology was applied to MIII-based soc-MOFs (M = In, Ga) by Eddaoudi et.al. to shift the crystal 
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morphology from simple cubes to rounded cubes and truncated rhombic dodecahedra. 28 It is useful 
to keep in mind that depending on the crystal, a given surfactant may prefer different facets. For 
example, cetyltrimethylammonium bromide (CTAB) stabilizes {111} facets of HKUST -1 but interacts 
most strongly with the {100} facets of ZIF-8.54,55 This explains why as colloidal MOFs grow to be 
larger, the progression in the former system is cube to cuboctahedron to octahedron, but in the 
later system the pattern is opposite: the crystal shrinks from rhombic dodecahedron to truncated 
rhombic dodecahedron to cube. Another route to prepare different morphologies is to isolate 
intermediate particles during the crystallization process. Interestingly, during ZIF-8 microcrystal 
formation, Wiebcke et al. observed gradual shape evolution from cubes with {100} crystal faces to 
rhombic dodecahedra with {110} facets.38 This observation indicates that the relative growth rate is 
slowest along the <110> direction.  
 
1.1.4 Assembly of colloidal MOFs 
When thinking of the porous structure of MOFs, it is traditional to consider pore size and 
alignment, but not how pores between different grains of the same material meet one another. On 
the other hand, in the field of colloids there is intense interest to achieve anisotropic assembly. In 
that context the available shapes are mainly based on chemical anisotropy (Janus and patchy 
spheres), physical deformation (stretched, swelled, and dimpled particles), and template -assisted 
synthesis (spindles, peanuts, and cubes).32 Attaining shape anisotropy with colloidal MOFs is easier 
because these faceted crystals are intrinsically anisotropic and their sizes fall in the convenient size 
range of nanometers to microns. The assembly of MOF-based polyhedra is attractive from another 
point of view also: their porosity imparts to them a density considerably less than oxide or metal 
particles, so sedimentation is less severe.  
Beyond simply the creation of MOF arrays by in-situ approaches,56 colloidal MOFs assembly into 
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superstructures is still at an early stage. The few methods that have already been explored before 
our foray into the field consist of interfacial assembly, capillary assembly, and sedimentation-
induced packing. Kitagawa et al. used the Langmuir-Blodgett (LB) technique to produce high crystal 
packing at the liquid-air interface.57 First, the MOF particles were spread on the liquid, then area 
was reduced incrementally to compress the particles into a monolayer film. Preferential crystal 
orientation was observed upon transferring the layer onto solid substrates. Monolayers were 
obtained, but close packing was not observed due to particle polydispersity. Similar methods of 
interface assembly were also shown by Lee et. al.58 and Huo et al.59. Using colloidal MOFs, the 
assembly step can be separated from the synthesis step. Assembly can be performed using any of 
these crystals, even those whose synthesis requires harsh synthetic conditions; they can be 
assembled under mild conditions before transfer onto solid surfaces. The LB process is much faster 
and more general than traditional layer-by-layer synthesis, which often results in polycrystalline 
films. Naturally, long range orientation and controllable layer thickness are the aims.  For the 
assembly systems utilized in this thesis, we are interested in the proof of concept on directed 
assembly using facet (Chapter 3), 3D packing in small clusters (Chapter 6) and understanding the 
mechanism to construct the structure (Chapter 4). 
1.2   Thesis Outline 
The introductory part of this thesis serves to provide the background and putting the work into a 
larger context. The subsequent five chapters are organized according to their synthetic or assembly 
approach and summarized in this section for easy reference. 
Chapter 2. Synthesis of uniform ZIF-8 particles in micrometer size is imperative to enable particle direct 
observation during assembly. We observe that weak interaction between capping ligand and metal 
complexes yield smaller particle size (tenth of nanometer) while strong interaction with capping ligand 
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allows for larger particle formation (hundredth of nanometer). In this chapter, the nucleation rates and 
subsequent particle growth are modulated in the range of colloid-size particle by using cooperative 
effect of weak and strong capping ligands. Selecting an appropriate weak capping ligand, we can also 
stabilize the intermediate particle facets to an extent of having control over morphology during time 
dependent synthesis from cube, truncated cube, truncated rhombic dodecahedron, and finally rhombic 
dodecahedron. The ability for surface ligand exchange is also advantageous to functionalize the particle 
with fluorescent dye or further polymer coating.    
Chapter 3. We use the ZIF-8 colloids synthesized in Chapter 2 to generate one-dimensional chains in AC 
electric field. The studies of colloidal alignment in 1D, so far, have been concentrating on the spherical 
particle of differing size or charges to modulate the chain rigidity. In this chapter, we demonstrate facet-
to-facet interaction as a favored alignment in polyhedral chains as well as its dominant interaction to 
obtain stable chains through van der Waals force. By changing the morphology of the particles, we can 
introduce variety of facets during electric field formation which, in turn, affects the chain growth 
direction, its facet selectivity, and its strength of interactions. 
Chapter 4. The slow recrystallization process and affinity of coordination bond to polymer functional 
group bring forward attractive properties that MOF particle can be useful for various nanocomposite 
applications and structures that demand heterogenous nucleation. We explored this growth preference 
on heterogenous surface from the point of view of defect incorporation. An interesting morphological 
evolution, cavity build up, was found as an intrinsic behavior arising from Ostwald ripening. Moreover, 
the geometric curvature and the three-dimensional construct contribute to direct the interfacial 
relaxation during this cavity formation. 
Chapter 5. Synthesis of uniform MIL-96(Al) colloids, a class of MOF that is thermodynamically stable in 
aqueous environment. We introduced novel MIL-96(Al) colloids by template free synthetic approach. 
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The discussion in this chapter focuses on achieving particle uniformity, systematically controlled by 
deprotonating precursor ligand in acidic conditions, and modulating particle morphology by altering the 
lattice growth preference through the presence of co-solvents. Moving forward, thermodynamically 
stable MOF colloid is preferable due to lack of concern for stability regardless of the surface area and 
more common applications in contact to water or its vapor.   
Chapter 6. The water stable MIL-96(Al) in Chapter 5 was assembled in emulsion system during phase 
separation triggered by elevating the temperature of water and 2,6-lutidine oil mixture. The logical 
progression we take here is to investigate three-dimensional behavior of faceted particles, starting from 
small clusters formations. Without chemical modifications, the expected clusters should follow that of 
spherical particle: the densest packing to minimize surface energy. Indeed, the experimental and 
simulation results showed the packing preference but we later demonstrate that the success rate of 
getting to densest packing depends on the asperity of particle facets and the cluster multi-body 
interactions.  
 
  
11 
 
Chapter 2 
ZIF-8 Colloid Synthesis  
via Dual Capping Ligands 
2.1   Introduction 
Zeolitic Imidazolate Framework-8 (ZIF-8, [Zn(mim)2]n) is prototypical MOFs with primary construct 
relying on the deprotonation of imidazole ligand to form IM- and coordinate with metals as M-IM-M 
complex. This bridge makes an angle of 145° which correspond to the Si-O-Si angle found in most 
zeolites (Figure 2).60 Its bulk properties such as high chemical stability, thermal performance (up to 
550°C), BET surface area (1630 m2/g), and large pore connectivity are remarkably outperforming 
traditional zeolites and mesoporous silica in their applications. In the colloid form, each ZIF-8 particle is a 
single crystal with rhombic dodecahedra morphology consisting of twelve distinct facets. It also displays 
stable dispersion in various solvents40 which gives it an attractive properties as starting points to develop 
our colloidal self-assembly system. 
 
Figure 2. Bridging angle in metal imidazoles coordination bond (M-IM-M) and zeolites (Si-O-Si) along 
with single crystal x-ray structure of ZIF-8 pore shown as stick diagram and tiling (right).61  
In aqueous system62,63 and non-aqueous synthesis without capping ligand38, nanocrystals (< 100nm) 
were primarily obtained indicating the rapid deprotonation rate and high affinity of Zn-IM paddlewheel 
formation. Capitalizing on the classical nucleation theory,48,64 various reaction conditions have been 
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developed internally (ratio of metal, ligand precursor, capping ligand, and solvent)23,65,66 as well as 
externally (conventional heating, microwave, electrochemistry, sonochemistry)65,67,68 to induce 
nucleation or regulate secondary growth and better control of the particle size. The extensively explored 
routes is using capping ligand to modulate the crystal nucleation by decreasing the oversaturation of 
monomers and suppressing nucleation rate per unit volume which resulted in fewer nuclei and, hence, 
the formation of larger crystals. However, the selection of ligand will be dependent on several intrinsic 
variables such as affinity for metal ions and solvent compatibility.  
 
Figure 3. Schematic of ZIF-8 synthesis with 1-methylimidazole used as capping ligand terminating the 
polymerization reaction between Zn and 2-methylimidazole at the surface of the crystal pore. 
The prototypical MOF can be synthesized as uniform particles as demonstrated per reference.38 It was 
likely that 1-methylimidazole was chosen as capping ligand due to its monodentate properties and close 
chemical structure to the precursor ligand, 2-methylimidazole. Indeed, we found during our preliminary 
screening process that finding alternative capping ligand with similar metal affinity and solubility for this 
solvent mixture is the most crucial factor. Other crystals synthesized in the presence of other N-
heterocycle or alkylamine yielded smaller crystals due to fast nucleation rate27,55,69 while modulator 
ligands with longer alkyl chain have lower solubility39 which resulted on crystals with high polydispersity. 
In this chapter, the first objective is to be able to synthesize uniform ZIF-8 colloids in micron-scale 
reproducibly (in g scale) by employing capping ligand. The initial reaction conditions (metal, precursor 
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ligand, and capping ligand) were kept constant while secondary capping ligand was added as new 
variables. Weakly coordinating ligand, such as PVP, was chosen due to their impartial preference 
towards ZIF-8 lattice.70  The other objective is addressing the colloidal need, namely having particle with 
good dispersion and reasonable facet stability in select solvents. 
2.2   Experimental Procedures 
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O; reagent grade 98%), 2-methylimidazole 
(Hmim; 99%), Poly(vinyl pyrrolidone) (PVP; weight-average molecular weight Mw = 360,000 g/mol), 
Zirconium (IV) chloride (ZrCl4; anhydrous 99.99%), terephthalic acid (BDC; 98%), acetic acid (ACS reagent 
99.7%), and N,N-Dimethylformamide (DMF; anhydrous 99.8%) were obtained from Aldrich and used as 
received. 1-methylimidazole (1-MI; >99% purified by redistillation) was obtained from Aldrich and kept 
refrigerated in vacuum container. 
Synthesis of ZIF-8 colloid with dual capping ligands. [Zn(mim)2]n colloid were synthesized as 
follows (refer Table 1 for total concentration): Zinc nitrate hexahydrate and poly(vinyl pyrrolidone) were 
dissolved in the binary mixture of 5 mL methanol (MeOH) and 5 mL ethanol (EtOH).  To this solution, 
another solution of 2-methylimidazole and 1-methylimidazole in equal volume of MeOH (5 mL)/EtOH (5 
mL) was added and mixed vigorously for 10s. The resulting solution was incubated at room temperature 
for 20 hour in 50mL sterile polypropylene tubes. The formed particles were collected by centrifugation 
(3000rpm, 3min) and washing with MeOH multiple times before they were redispersed in MeOH at 0.45 
wt % concentration, calculated based on the particle weight after drying the particles under vacuum at 
room temperature. 
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Table 1. Effect of 1-MI and PVP concentrations on the formation of ZIF-8 colloids. 
No. Zn(NO3)2·6H2O (mM) Hmim (mM) 1-MI (mM) PVP (mM) Size (nm) 
1 25 100 0 0 64±18 
2 25 100 50 0 681±126 
3 25 100 100 0 793±18 
4 25 100 150 0 692±31 
5 25 100 200 0 465±22 
6 25 100 0 16 70±13 
7 25 100 0 32 69±11 
8 25 100 0 80 91±22 
9 25 100 0 160 140±18 
10 25 100 25 32 131±35 
11 25 100 50 32 679±30 
12 25 100 100 32 2287±137 
13 25 100 150 32 3948±211 
14 25 100 200 32 3618±1045 
15 25 100 100 16 2037±92 
16 25 100 100 32 2287±137 
17 25 100 100 48 3006±120 
18 25 100 100 64 3871±233 
19 25 100 100 96 5323±239 
 
Table 2. Concentrations of reagents for the formation of UiO-66(Zr) colloids. 
No. ZrCl4 (mM) BDC (mM) Acetic acid (M) Size (nm) PDI (<10%) 
1 12.5 12.5 1.25 446±32 Yes 
2 12.5 12.5 2 812±49 Yes 
3 12.5 12.5 2.4 1581±253 No 
4 25 25 2.4 1089±215 No 
5 25 25 3 1882±414 No 
6 25 25 4 1097±59 Yes 
7 25 25 4.25 1373±122 Yes 
8 25 25 4.8 1784±196 Yes, Thin film formed 
 
Synthesis of UiO-66(Zr) colloid. [Zr6O4(OH)4]n colloid were synthesized according to the reference71 
with added modification in acetic acid concentration to tune the particle uniformity (polydispersity less 
than 10%) through controlled deprotonation. The complete reaction is detailed as follows (refer Table 2 
for total concentration): Zirconium chloride metal and terephthalic acid ligand, each in 5mL DMF, were 
dissolved by heating at 120°C before cooled slowly down to ~50°C. Acetic acid in 10mL DMF was then 
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mixed at equal volume to both solutions before the mixture is combined, vortexed for 30s, and heated 
at 120°C for 24 hours. The particles were collected with centrifugation (5000 rpm, 5 min) after multiple 
rounds of washing with EtOH and water. 
Physical Characterization. Scanning electron microscopy (SEM) measurements were performed 
using a Hitachi S-4800 field emission microscope at an accelerating voltage of 10 kV. The samples were 
deposited on Si wafer, vacuum dried at 120°C to remove the remaining solvent, and coated with Au/Pd. 
X-ray diffraction (XRD) analysis was performed on vacuum dried particle using a Siemens-Bruker D5000 
system with CuKα radiation. Zeta potentials were measured using a Malvern Zetasizer Nano ZS laser 
diffraction analyzer. Thermal gravimetry analysis (TGA) was conducted with TA Instrument Q50 at 
ambient pressure with flow of Nitrogen gas (40 mL/min) and heating scan rate of 10°C/min. Ceramic 
crucibles were used as sample holder to mount 10 mg of crystals which was vacuum dried at 120°C to 
remove the remaining solvent. To estimate the colloid crystals’ porosity via solvent uptake, the vacuum 
dried sample was then exposed to n-butanol at room temperature and equilibrated for 36 hours before 
TGA measurement. 
2.3   Results and Discussion 
2.3.1   General effect of capping ligand on ZIF-8 particle size 
 
Figure 4. Graph showing the trend of particle size and uniformity as a function of 1-MI and PVP ligands. 
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Figure 4 summarizes how ZIF-8 crystal size depended on various reaction conditions and focused 
on the presence of dual capping ligands, namely 1-MI and PVP, while keeping the ratio of Zn metal to 
Hmim ligand constant. The methanol/ethanol solvent mixtures for all reactions are kept at equal 
volumes to ensure similar solubility for all reagents.  1-MI was used as the initial capping ligand, in equal 
molar ratio to Hmim, to modulate the crystal size following the demonstration from reference38. The 
SEM image analysis of ZIF-8 crystals showed average size of 800 nm, ~12.5x times larger than ZIF-8 
without capping ligand, and good particle uniformity. However, increasing the concentration of 1-MI 
above 100 mM reverses the trend and decreases the crystal size since capping ligand not only modulates 
the nucleation rate but also inhibit the subsequent particle growth by stabilizing the crystals’ surface. As 
a result, more polydisperse particle was formed at high concentration of 1-MI (200 mM) and complete 
suppression of crystal nucleation, as indicated by lack of precipitation, was obtained at 1-MI 
concentration above 250 mM. 
On the other hand, introducing a relatively weaker capping ligand helps to decrease the nucleation rate 
without suppressing the crystal growth. PVP is selected as weaker ligand in this work due to good 
solubility in MeOH/EtOH mixture and impartial affinity to ZIF-8 crystals.70 When PVP was exclusively 
used as capping ligand, nanocrystals between 70 nm to 140 nm were formed with a maximum of ~ 2x 
increases in particle size. While the left graph in Figure 4 indicated continuous trend of increasing size, 
even higher incorporation of polymer incorporation is not possible due to increasing viscosity and 
solubility limit. Alternatively, both 1-MI and PVP can be employed at certain ratio to modulate the 
nucleation and crystal growth.  
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Figure 5. SEM images of ZIF-8 rhombic dodecahedra prepared from table 2.1 line 5 (a), 17 (b), and 19 (c). 
The 1-MI concentration was fixed at 100 mM, chosen from the performance of single capping ligand 
which gave largest particle size and good uniformity, while screened against several PVP concentrations. 
The resulting crystals were in the micron-scale and showed continuously increasing trend analogous to 
those observed from only PVP as capping ligand. Similarly, the PVP concentration was fixed at 32 mM, 
chosen due to good polymer solubility and particle uniformity, while 1-MI concentrations were 
screened. The resulting particles were also in the micron-scale but showed trend analogous to those 
observed from only 1-MI capping ligand where there are drop in size after certain peak concentration 
(150 mM). The persistence presence of peak concentration indicated that the stronger capping ligand, 1-
MI, was dominant in controlling the resulting particle size. With dual capping ligands, the particle size 
ranges can be tuned on the nano- and micron-scale dimensions.  
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Figure 6. Thermal gravimetric analysis of colloidal ZIF-8 synthesized with and without PVP. 
To compare the thermal stability and relative porosity of colloidal ZIF-8 to its bulk counterpart,60 TGA 
analyses were performed in Nitrogen atmosphere. Figure 6 revealed that ZIF-8 colloids synthesized 
without the presence of PVP have comparable thermal stability to bulk ZIF-8 where the TGA trace 
plateau until 550°C before sharp weight-loss of 17 % above this temperature. Similar measurement on 
ZIF-8 crystals containing trapped guest molecule, n-butanol, display ~22% pore occupancy through 
weight loss up to 117°C, corresponding to n-butanol boiling point, along with long plateau in the 
temperature range up to 550°C of 16.3% weight loss. To note, the release of guest molecule at low 
temperature range did not interfere with the framework stability and suggested recycling potential. ZIF-
8 colloid synthesized with PVP matched the pore occupancy (~22%) of that pure crystals’, indicating that 
the presence of polymer on the surface of colloid did not block the pore window for small molecules, 
but more gradual thermal decomposition starting from 230°C. This is most probably caused by partial 
incorporation of PVP in the microcrystals.70 
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2.3.2   Tuning the morphology of particle 
Finesse in controlling crystal morphologies without changing the material composition has 
particular emphasis in the field of porous coordination polymer and metal-organic framework because 
the crystal shape represent distinct chemical composition, pore sizes, and framework topologies. The 
morphological importance of crystal facet is determined by fundamental habit of its crystal growth 
which velocity is inversely proportional to the lattice spacing as stated by BFDH law. This translates to a 
thermodynamically stable growth preference which can be altered via supersaturation such as 
temperature, pH, or capping ligands.28,54,55,72-74  
For ZIF-8 synthesized without and with the presence of PVP, the initial crystal formation is cubes, with 
six {100} facets, to truncated rhombic dodecahedra, with six {100} facets and twelve {110} facets, to 
finally rhombic dodecahedra with twelve {110} facets. Along the {100} facets, the pore window is 0.34 
nm and contains several Zn-2-MIM coordination bonds while the pore window along the {110} facet is 
1.1 nm and does not contain any of this bond.74   
 
 
Figure 7. Illustration of the crystallographic planes of ZIF-8 along {100} (left) and {110} (right) facets. 
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Figure 8. SEM images of ZIF-8 rhombic dodecahedra crystals after quenching at 20h (left), truncated 
rhombic dodecahedra at 3h (middle), and truncated cube at 1h (right). 
The addition of PVP capping ligand does not alter the growth preference between these two facets. 
Whilst the kinetic evolution38 from cube to rhombic dodecahedron is decreased, 24 h instead of 1 h, the 
rate can be attributed to the larger crystal sizes. Moreover, PVP does not show selective facet 
coordination as the zeta potential of rhombic dodecahedra (+12 mV) is comparable to that of truncated 
rhombic dodecahedra (+10 mV) and truncated cube (+14 mV). The slow growth of {100} facets opens an 
advantage in tuning the crystal morphology by quenching the reaction condition over time. The SEM 
images in Figure 8 showed the progression from cube to rhombic dodecahedron colloid which are 
harvested from one reaction pot at different time point.  
2.3.3   Imaging the particle stability 
MOFs water stability and its robustness has been topic of significant interest in and can be 
referred to some review papers where the arguments can be classified as thermodynamically stable, 
kinetically stable (high or low stability), and unstable.75-77 In this section, we would like to demonstrate 
that the behavior of kinetically stable MOFs is highly dependent on surface area and, hence, can be 
misrepresented in the classification. Due to relatively weak coordination bonds, it is typical for 
framework topology to degrade during long exposure to moisture in air; this manifest itself as 
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diminished surface area of colloid. Similarly, MOF crystallinity may be destroyed upon contact with 
water which creates a challenge in potential applications of colloidal MOFs since aqueous solvent is 
often unavoidable, and even desirable, in common application of colloidal chemistry. Arguing the colloid 
crystallinity using bulk measurements such as X-ray diffraction,60 IR and Raman spectroscopy,78,79 UV-VIS 
fingerprints,80 are not very informative considering the information collected is not exclusive from the 
surface (XRD, UV-Vis) or likeness of properties from underlying layer (IR, Raman). On the other hand, 
morphology specific measurement such as SEM, TEM, or AFM can be highly useful to assess surface 
stability directly.  
Among MOF system, UiO-66(Zr) thin film has been claimed to have exceptional water stability81 while 
bulk ZIF-8 compatibility in boiling water is also claimed from powder XRD measurement.60 To investigate 
if similar chemical stability are found in structure of large surface area, both colloids were synthesized in 
high uniformity and imaged after exposure to open air for 1 month, immersion in water or 
hydrochloride solution (pH = 1) for 1 day respectively.   
 
Figure 9. SEM images of UiO-66(Zr) and ZIF-8 crystals after treatment in various conditions. 
Exposure to air humidity and water (Figure 9a-b) show little to no effect to UiO-66(Zr) while strong acidic 
condition only slightly damaged the particle at the edges (inset Figure 9c). On the other hand, exposure 
of ZIF-8 to ambient moisture dulled the crystal facets (Figure 9d) while direct contact to water severely 
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etched the particle (Figure 9e) and strong acid dissolved the crystal completely (Figure 9f). It is 
instructive to contrast these SEM findings with powder XRD measurements of the respective particles. 
The powder XRD patterns for UiO-66(Zr) after treatment in water and HCl showed little to no change, 
where all diffraction peaks were still observed and their intensity did not significantly decrease. Along 
the same line, powder XRD patterns for ZIF-8 in air matched the simulation while those in water lost 
some of their intensity. The inadequate correlation between surface degradation and bulk measurement 
highlights the importance of directly imaging the colloid surface through microscopic characterization.  
 
Figure 10. Powder XRD pattern of UiO-66(Zr) and ZIF-8. 
2.3.4   Stabilizing ZIF-8 surface with polymer interaction 
Thermodynamically, ZIF-8 colloid favors the shape of rhombic dodecahedra but intermediates 
morphology can be obtained through timely reaction termination as previously stated. For these 
intermediate crystals, the high surface energy coupled with a rapid ligand exchange on the surface 
caused etching through the unstable {100} facets in prolonged incubation (truncated rhombic 
dodecahedron in Figure 11). 
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Figure 11. SEM micrograph of as synthesized truncated rhombic dodecahedron ZIF-8 after 1 week 
incubation in methanol with and without PVP stabilization. 
The presence of PVP in incubating solvent significantly suppressed the etching by stabilizing the facets 
through non-selective surface adsorption. The polymer adsorption was inferred through the decrease of 
zeta potential (typically from +48 mV to +20 mV) owing to charge screening from PVP.82 It is worthwhile 
to point out that etching, particularly facet selective, is not necessarily disadvantageous. It can be an 
approach to generate new particle morphology74,83 or properties61,84,85 from the point of view of top-
down synthesis. 
2.4   Conclusion and Outlook 
Here, we demonstrated the advantages of utilizing dual capping ligands to overcome the synthetic 
limitation of reaction conditions or single modulator approach. In our case, PVP was used as non-
selective and weak capping ligand in tandem with 1-MI as the stronger capping effect. Independently, 
both ligands affect the range of particle size in nano-scale while the affected range expands to micron-
scale while the ligands are used in concert. PVP noticeably plays a crucial component in competition 
with 1-MI during both nucleation stage and crystal growth stage but the particular system growth 
behavior is somewhat complex to assess beyond the dependence of precursor stochiometry.  
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A side note to the discussion of MOFs’ water stability, recent paper86 by Siegel et. al. also demonstrated  
that better framework stability can be achieved through compression of powder density, comparable to 
lowering surface area in bulk MOF. Having said that, we believe that experimental verification is clearly 
as important as the fundamental insight into breakdown of mechanism or computational results.  
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Chapter 3 
Directed Assembly of ZIF-8 Colloids  
in AC Electric Field 
3.1   Introduction 
The polyhedral morphology of crystalline particles opens, in principle, a pathway to enlarge the 
scope of colloidal self-assembly with structures unobtainable with conventional spherical particles.35,36,40  
This in turn might enlarge functionality beyond what is possible with conventional non-spherical 
particles made from amorphous polymer or oxides such as silica.29,33,34,87-89  Compared to the rigorous 
development in the field of MOF synthesis, including pathway for particle synthesis, assembly of 
polyhedral MOF into superstructures is still at an early stage. The few methods that have been explored 
include interfacial assembly,40 capillary assembly,90 and sedimentation71 induced packing. They are 
restricted to array formation, loosely packed in two dimensions, on a substrate with neither 
orientational order nor facet interactions. In this chapter, we explore the approach of on-demand 
activation of well-controlled attachments between the crystal facets of particles.   
Focusing on the facet-to-facet attraction, aligned MOF channels can be useful to orient functional guest 
molecules anisotropically.91,92 Periodic supracrystal architectures are useful for photonic and sensing 
applications.93,94 For these purposes, assembling preformed MOF crystals offers potential to be a general 
method because it utilizes simple physical interactions to direct the particles without need for specific 
chemically induced attraction.28,90 The scheme in Figure 12 shows that facet-to-facet attachments would 
lead to well-defined orientational order of polyhedral crystals in one dimension chain structure. Here, 
our choice of assembly induced by external field is motivated by our desire to obviate the need for 
selective surface functionalization. AC electric field was applied to induce dipolar attractions between 
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particles suspended in fluid, which can be a general strategy.95 This proven technique for the 
manipulating of spherical colloids,96,97 has not to our knowledge been applied previously to assembling 
faceted crystals.   
 
Figure 12. Schematic illustration of polyhedral MOF assembly under electric field. 
First, the energy to induce facet-to-facet self-assembly is calculated and the experimental result is 
presented as proof of concept. Second, we investigate the preference of assembly between different 
facets. Finally, the stability of chain formation is compared as a variable of facet interactions. 
3.2   Experimental Section 
Materials. Tetraethyl orthosilicate (TEOS; reagent grade 98%), ammonia (NH3; anhydrous 99.8%), 
ethylene glycol (spectrophotometric grade 99%), and Poly(vinyl pyrrolidone) (PVP; weight-average 
molecular weight Mw = 40,000 g/mol) were purchased from Aldrich. Indium Tin Oxide (ITO) coated 
cover slips (22×22 mm) with 8-12 Ω resistivity were purchased from SPI supplies. BODIPY FL Histamine 
(B22461 99%; C19H22BF2N5O) was purchased from ThermoFischer Scientific. TEOS, in sealed chamber, 
and BODIPY dye were kept at 4oC. 
ZIF-8 colloid functionalization with fluorescent dye. The ZIF-8 colloid particles are synthesized and 
purified as previously described in Chapter 2.2 experimental section. The obtained particles is then 
redispersed in methanol (0.45 wt%). 50 μL of BODIPY fluorescent dye (1 mM in methanol) was added to 
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1 mL of particle dispersion and the mixture was incubated for 24 h. The excess dye was then removed by 
5 times purification in methanol before subsequent redispersion in ethylene glycol (2 wt%) by 
sonication. In methanol, BODIPY has maximum absorption at 503 nm and maximum emission at 511 nm. 
The surface functionalization of ZIF-8 works according to the excess ligand exchange between surface 
imidazole and BODIPY carrying histamine functional group (Figure 13). 
 
Figure 13. Ligand exchange on the surface of ZIF-8 between imidazolate and histamine functional group. 
ZIF-8 colloid coating with SiO2. As synthesized ZIF-8 particles are dispersed in 40 mL of ethanol (2 
mg particle per 10 mL) by vortex and sonication. To the dispersion, 1.5 mL of diluted PVP (20mg/mL in 
methanol), 0.1 mL of TEOS, and 0.3 mL of diluted ammonia (20% ethanol by volume) were added and 
vortexed for 30 s. The mixture was then stirred gently for 12 h before purification through centrifugation 
and washing multiple times in methanol. The presence of silica shell (Figure 14; thickness of ~15 nm) 
was detected with zeta potential shift from +12 mV to -46 mV. 
 
Figure 14. TEM image of ZIF-8 particles after coating with SiO2 shell.  
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Physical characterization. Transmission electron microscopy (TEM) measurements were performed 
using a JEOL 2100 Cryo TEM at an acceleration voltage of 200 kV. The samples were concentrated, 
dropped on Formvar coated TEM grid, and air dried at room temperature. Scanning electron microscopy 
(SEM) measurements were performed using a Hitachi S-4800 field emission microscope at an 
accelerating voltage of 10 kV. The samples were deposited on Si wafer, vacuum dried at 120°C to 
remove the remaining solvent, and coated with Au/Pd. Atomic force microscopy (AFM) images were 
acquired using an Asylum Research MFP-3D AFM system under ambient conditions in tapping mode 
with a standard 300 kHz silicon tapping tip (BudgetSensors, radius 10 nm). Diluted samples (0.05 wt%) 
were deposited on cleaned silicon wafer and vacuum dried before measured. Zeta potentials were 
measured using a Malvern Zetasizer Nano ZS laser diffraction analyser. Confocal laser scanning 
microscopy measurements were performed using a Zeiss LSM7 LIVE system. 
Electric field setup. Fluorescent particles were vacuum dried and dispersed in ethylene glycol by 
quick sonication. The electric field chamber was made by sandwiching 2 μL of ethylene glycol dispersion 
between two ITO coated glass cover slips. A spacer of 50 μm thickness was placed between ITO 
electrodes to fix the separation. Conductive copper tapes were attached to each conductive side of the 
ITO and connected to a 33522A Function/Arbitrary Waveform Generator (Agilent Technologies). An AC 
electric field was applied perpendicular to the ITO surfaces. 
 
Figure 15. Configuration of electric field chambers (top view) and illustration from the side view with 
copper tape connecting it to function-generator. 
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3.3   Results and Discussion 
3.3.1   Laser scanning confocal microscopy  
For visualizing the particle in situ, confocal microscopy was implemented with 100x oil-immersion 
Plan-Apochromat lens (NA = 1.40, WD = 0.13 mm, nD = 1.51) and 488 nm for excitation wavelength. The 
ZIF-8 particles (3.7 µm in size) were functionalized with fluorescent BODIPY dye to distinguish particle 
translation and facets orientation. Ethylene glycol was chosen as working solvent in this experiment due 
to good dispersion, index matching (nD = 1.43 at 25oC) with lens’ oil immersion and ZIF-8, low volatility 
(Bp = 197oC), and high dielectric constant (𝜀𝑟 = 37.7) relative to empty ZIF-8 frameworks (𝜀𝑟 = 1.93). Data 
acquisition for confocal measurement was acquired at 40 planar images (up to 67 µm x 67 µm) per 
second with 30 µs pixel dwell time and 23 µm pinhole. At this configuration, we can observe clear 
definition of polyhedron’s sharp facets while minimizing the convolution between cross-sectional layer 
and dye bleaching over prolonged exposure. 
3.3.2   Particle interactions under AC field 
The three dimensional Maxwell’s differential equation (∇. 𝐸 =  
𝜌
𝜀0
) was modelled in low frequency 
AC electric field simulation using COMSOL under specified boundary conditions of 3.7 µm rhombic 
dodecahedron in diameter (𝜀𝑟 = 12.4; calculated with maximum assumption that 30% of the ZIF-8 pore 
is filled with ethylene glycol). Debye length at 298 K and 0.01 mol/m3 in ethylene glycol is estimates at 
66 nm. The thermal energy at similar temperature is estimated at 4.17 x 10-21 J. The energy landscape of 
single rhombic dodecahedron was calculated with specified initial condition of 1 KHz and 200 V/mm. 
Since electric energy is a function of electric flux density perpendicular to the integrated volume 
(𝑊𝐸 =  ∫ 𝑤𝑒𝑠 𝑑𝑉 =  ∫
1
2
𝐷𝐸 𝑑𝑉), we expected a change in energy with particle rotation along the YZ or 
XZ plane (Figure 16, Table 3).  The COMSOL results show that there is energy fluctuation along this 
rotation with preferred alignment predicted at 90o rotation. Nevertheless, the difference of energy 
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between each angle is comparable to thermal energy which indicated that Brownian motion is dominant 
(no alignment preference) for single particle under electric field. Hence, the interactions between two 
rhombic dodecahedron particles were calculated to estimate the distance for facet-to-facet interaction 
at 90o. The result is shown in Figure 17 where we observed inter-particle interaction starting at r 
distance followed by strong facet alignment at shorter distance (
1
4
𝑟). Similar behavior can be observed 
in confocal experiment (Figure 18) where the rhombic dodecahedra particles only started to exhibit 
facet-to-facet preference during their attachment (Figure 19).   
Table 3. Summary energy difference along XZ plane rotation plane for 3.7 µm rhombic dodecahedron. 
Rotation (deg) Energy (J) Energy to 0o (J) Rotation (deg) Energy (J) Energy to 0o (J) 
0 7.10068E-17 0 100 7.10042E-17 2.600E-21 
10 7.10062E-17 6.000E-22 110 7.10042E-17 2.600E-21 
20 7.10056E-17 1.200E-21 120 7.10043E-17 2.500E-21 
30 7.10052E-17 1.600E-21 130 7.10044E-17 2.400E-21 
40 7.10048E-17 2.000E-21 140 7.10047E-17 2.100E-21 
50 7.10045E-17 2.300E-21 150 7.10051E-17 1.700E-21 
60 7.10044E-17 2.400E-21 160 7.10056E-17 1.200E-21 
70 7.10043E-17 2.500E-21 170 7.10061E-17 7.000E-22 
80 7.10042E-17 2.600E-21 180 7.10067E-17 1.000E-22 
90 7.10042E-17 2.600E-21 
 
 
Figure 16. Graph showing the data from Table 3 for single rhombic dodecahedron electric energy 
landscape along XZ plane rotation for 3.7 µm rhombic dodecahedron. 
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Figure 17. Graph of electric energy calculated from 2 rhombic dodecahedron particles at certain 
distance of separation. 
 
Figure 18. Confocal study of particle orientation in response to electric field in ethylene glycol (1 MHz, 
200 V/mm).  This amplitude of electric field did not cause single particles of ZIF-8 to orient.  Left two 
columns:  top and bottom particles show square and elongated hexagonal cross-sections, showing the 
presence of both <100> and <110> crystal orientations along the direction of electric field.  But, as 3 s 
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time passed (right two columns), these particles attached to one another.  In this process the top 
particle switched orientation from <100> to <110> (elongated hexagonal cross-section), forming contact 
between paired {110} facets of the top and bottom particles.  
 
Figure 19. Cross-sectional views at different height (z axis) of 1D chains of rhombic dodecahedra. At the 
particle-particle contact, {110} rhombic facets are clearly observed, and this confirms the facet-to-facet 
contact and the <110> orientation of crystals along the chain. 
3.3.3   Assembly of anisotropic colloid under AC field 
Under electric field, particles attached to one another within seconds after coming into 
proximity; this was slow enough to image by confocal microscopy, but sufficiently rapid to be effective.  
Strikingly, the stepwise successive growth by particle attachment formed 1D chains oriented in the 
direction of the electric field. The observed elongated hexagonal cross-sections at the centers of the 
polyhedra and their rhombic facets at the particle-particle contacts confirm crystal orientation 
throughout the chains (Figures 20).  The fact that the centers of hexagonal cross-sections of different 
crystals were located close to each other along the chain indicates considerable overlap at the contact 
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between {110} crystal facets, resulting in <110> orientation of crystals along the chain. This 
configuration minimizes the center-to-center separation between particles, serving to maximize the 
dipole-dipole interaction. However, in directions perpendicular to the electric field (XY plane), the 
orientation differed between cross-sectional hexagons due to comparable thermal fluctuations as 
described in previous section. 
 
Figure 20. Electric field assembly of rhombic dodecahedra.  (a) Typical in situ observation of 1D chains of 
rhombic dodecahedra along the direction of electric field (1 MHz, 200 V/mm) by confocal microscopy.  
(b) Confocal cross-sections perpendicular to the electric field, along with schematic representations of 
contour.  Elongated hexagonal outlines indicate the <110> orientation of crystals along the direction of 
electric field.  (c) Disconnected chains of rhombic dodecahedra after turning off the AC field (1 MHz, 200 
V/mm).  (d) Stably locked chains of rhombic dodecahedra after turning off the AC field (1 kHz, 200 
V/mm). 
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Figure 21. Confocal microscopy showing that upon removing electric field (1 MHz, 200 V/mm), chains of 
rhombic dodecahedra in ethylene glycol slowly disassembled by Brownian motion. 
Two AC frequencies were employed, 1 kHz and 1 MHz. We observed chain formation at both 
frequencies, but interestingly, chains constructed at 1 kHz remained stable after turning off the electric 
field (Figure 20d), the chains simply sedimenting to the bottom ITO surface.  It is known that at low 
frequency the dominant mechanism of attraction is the polarization of electrostatic double layer rather 
than the dielectric polarization of particle itself which dominates at high frequency (1 MHz).98,99 The 
former mechanism would favor direct surface-to-surface contact for particles with flat facets, allowing 
polyhedral to overcome electrostatic repulsion and come sufficiently close together that van der Waals 
attraction causes them to adhere. To exclude the alternative explanation that adhesion reflected surface 
bridging by PVP chains, we performed a control experiment using particles coated with silica; these 
silica-coated particles similarly formed stable chains under the same conditions of electric field.  Thus it 
appears that van der Waals attractions held adjoining facets together. 
Exploring further this assembly under electric field, we examined MOF crystals with other morphologies.  
The truncated rhombic dodecahedra (Figure 22a) also formed 1D chains along the direction of electric 
field (1 kHz).  The crystal orientation of this complex morphology was then examined with chains lying 
on the bottom ITO surface after turning off the field (Figure 22b).  The cross-sectional views at different 
heights showed that crystals of <110> and <100> orientation coexist within the same chain.  It seems 
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that in this case, the electric field could not differentiate between the {110} and {100} facets, perhaps 
because their area difference was too small (
𝐴110
𝐴100
= 0.91).   
 
Figure 22. These in situ confocal images illustrate that upon applying 1 kHz, 200 V/mm electric field in 
ethylene glycol, truncated rhombic dodecahedra assemble into chains oriented in the direction (z) of AC 
electric field.  The image is three-dimensional in the directions x, y and z.   
Meanwhile, facet-selective attachment was observed for truncated cubes (Figure 23), for which the 
{100} facets are much larger than the {110} facets (
𝐴110
𝐴100
= 0.27).  The observed square cross-sections 
with rounded corners demonstrate that the larger {100} facets selectively attach to each other, resulting 
in <100> orientation of crystals along the direction of electric field (Figure 23b).  However, in contrast to 
the stable chains of rhombic dodecahedra, the locking between truncated cubes was not permanent 
even at 1 KHz; after turning off the field, the chains fell apart with time due to Brownian motion (Figure 
23c). 
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Figure 23. These in situ confocal images illustrate that upon applying 1 kHz, 200 V/mm electric field in 
ethylene glycol, slightly truncated cubes assemble into chains oriented in the direction (z) of AC electric 
field.  The image is three-dimensional in the directions x, y and z. 
3.3.4   Stability of bonded chains 
We carried out atomic force microscopy (AFM) measurements of these crystals (Figure 24).  The 
observed {110} facets of rhombic dodecahedra are quite flat—not concave, not convex.  On the other 
hand, the truncated cubes possess convex {100} facets, with the center being 60 nm higher than the 
edge. The van der Waals attraction between these convex {100} facets must then be much less than that 
between flat {110} facets of rhombic dodecahedra purely due to geometric reason (proportional to 
surface area). This explains the difference in chain stability for these two morphologies.  Although it is 
possible in principle to stabilize chains of simple spheres by welding them together with polymer 
layers,100 this study shows that simple van der Waals attraction can also accomplish this, provided that 
the facets are sufficiently flat.  Considerations of zeta potential cannot explain the differences, as zeta 
potential is similar for both these polyhedral. 
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Figure 24. AFM images after drying. (a) Rhombic dodecahedra (Figure 2d) and (b) truncated cubes 
(Figure 2b) were imaged in the tapping mode using a standard 300 kHz silicon tip of tip radius less than 
10 nm. (c) Topographic profile along the blue line shown in (a).  (d) Topographic profile along the red 
line shown in (b). The {110} facets of rhombic dodecahedron are flat.  The {100} facets of truncated 
cubes are convex, and the height of surface curvature is about 60 nm.   
3.4   Conclusion and Outlook    
To sum up, this chapter articulates design rules to direct chain formation of polyhedral crystals by 
means of electric field. First, dipolar attractions between crystals appear to drive preferential facet-to-
facet attachment. Second, selective attachment between facets appears to be possible by manipulating 
surface area and surface curvature. Third, facet flatness encourages the formation of chains locked into 
place even after external field is removed.   
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Looking to the future, we remark that chain length can be lengthened if desired, as the technical path to 
do so by further design of the electrodes is known.101 Presently, we can resolve chains made up around 
10 particles, but sometimes spans the entire distance between the electrodes.  With higher particle 
concentration, it would also be possible to form 3D structures with intriguing packing geometry 
between them. Paths are also clear to spatially pattern the supracrystal architectures by using 
lithographically patterned electrodes.102 Although it is not yet possible using the simple, prototypical 
MOF particles employed in this work, whose pore networks are isotropic, rational generalization of 
these approaches using anisotropic 1D channel systems may allow anisotropic molecular flow along 
chain structures of the kind produced here.  
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Figure 25. (Top left) Illustration of rhombic dodecahedron sitting at the center of 6 cubic packing and 
(rop right) 12 rhombic surface with its angle (70.53o and 109.47o). (Middle) Truncation parameter for 
rhombic dodecahedron particle along with its SEM representation. The total volume is calculated as 
𝟏
𝟑
(𝒂𝟐 + 𝒂𝒃 + 𝒃𝟐)𝒉. Truncation parameter (𝜶) is obtained from the two edge lengths a (√𝟑𝟏 − 𝜶) and 
b (𝟐𝜶). Face area A correspond to {100} is calculated from 𝟐√𝟐(𝟏 − 𝜶𝟐); face area B correspond to 
{110} is calculated from 𝟒𝜶𝟐. (Bottom) Surface area calculated for {110} and {100} facets for 
intermediates rhombic dodecahedron harvested at different time points. 
40 
 
Chapter 4 
Hybrid Colloid Structures with ZIF-8 Shells 
4.1   Introduction 
Yolk-shell colloid, structure with cavity detaching the core from the shell, is a fascinating class of 
materials for its applications. Such constructs, with shell made of highly tunable and porous MOF, are 
useful in the field of catalysis,103-106 drug delivery,107,108 contrast agent,109 electrochemistry,110 and 
sensing111.  
 
Figure 26. Illustration summarizing the various conventional paths towards the formation of yolk-shell 
structure.112 
This chapter describes a new mechanism to obtain yolk-shell structure unlike earlier examples of porous 
coordination works where etching the core, shell, or sacrificial layer is a prerequisite step.113-116 Instead, 
the cavity formation is induced intrinsically during shell recrystallization via Ostwald ripening method.117 
For the coordination polymer with which we work, shell growth preference can be predicted depending 
on the cell parameter of the core and shell materials: 1) epitaxial growth giving connected pores at the 
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boundary,118,119 2) non-epitaxial growth resulting in defect encapsulation,120,121 3) non-epitaxial growth 
resulting in amorphous shell.122,123 For the later, the shell crystallinity depends on the adsorption-
desorption equilibrium which is a function of shell material’s solubility124 and time to accomplish mass 
transport125. Crystal regrowth from Ostwald ripening is expected over long incubation time or in suitable 
reaction condition and, in this growth route, the amorphous shell is transformed to polycrystalline 
through faster ligand exchange on the surface in contact with solvent. This drives outward mass 
transport which finally leaves a hollow cavity inside the polycrystalline shell. If the cavity is partially 
occupied, the hollow shell has core and can be classified as yolk-shell structure.  
Generating polycrystalline shell implies that Ostwald ripening, albeit intrinsic, is not the dominant 
variable to direct the cavity formation. Indeed, the interfacial strain build up is affected by two variables 
explicitly defect size, tuned by core particle size, and geometric curvature (κ), tuned by core particle 
morphology. Both variables are explored independently in the result section. 
We aimed to build cavity in our yolk-shell system through similar growth phenomena. Zeolitic 
imidazolate framework 8 (ZIF-8) is employed as shell material due to great control over particle size and 
reaction kinetic as previously demonstrated in Chapter 2. The obvious significance of selecting non-
epitaxial growth route is its flexibility among wide arrays of core materials which makes this synthetic 
approach more universal.  
4.2   Experimental Section 
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O; reagent grade 98%), 2-methylimidazole 
(Hmim; 99%), Poly(vinyl pyrrolidone) (PVP; weight-average molecular weight Mw = 40,000 g/mol), 
iron(III) chloride (FeCl3; reagent grade 97%), sodium hydroxide (NaOH; ACS reagent 97%), and sodium 
sulfate (Na2SO4; anhydrous >99%) were obtained from Aldrich and used as received. Silica particles were 
purchased from Invitrogen and gold rods were purchased from Nanopartz. Both were purified two times 
in methanol to remove excess ligands before functionalized with PVP. 
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Synthesis of hematite cube and peanut. The hematite core were synthesized as per reference126 
and used after multiple purifications in water and methanol. 
PVP functionalization. PVP was introduced on core particles via surface adsorption. First, 0.5 mg of 
particle was dispersed in 5 mL methanol by sonication. The solution was then added dropwise into 
excess PVP (Mw = 40000; 1 wt%) in methanol and stirred overnight. The reaction was stopped when the 
zeta potential did not decrease further due to the PVP adsorption on the surface. Specifically, the 
surface charge of bare hematite before and after PVP coating were +35 mV and +8 mV respectively. The 
particle was then purified with methanol to remove excess polymer and were concentrated to 1 mL. 
Synthesis of ZIF-8 shell. The precursors for ZIF-8 shell were 73 mg of zinc nitrate hexahydrate 
(metal source) and 21 mg of 2-methylimidazolate (ligand precursor) in 5 mL methanol each, prepared by 
dilution. The particles were added to the linker and mixed before the metal was added to the mixture. 
The final solution was vortexed for 10 s before incubation at room temperature. To quench the reaction 
at different time intervals, the supernatant was removed by centrifugation at 2000 rpm for 3 min and 
purified twice with excess methanol. The unwanted free standing ZIF-8 crystals (ρZIF-8 = 1.45 g/ml) can be 
separated from yolk-shell structures (ρhematite = 5.3 g/ml) through slow sedimentation in suspended 
glycerol (ρ= 1.26 g/ml). 
Physical Characterization. Transmission electron microscopy (TEM) measurements were 
performed using a JEOL 2100 Cryo TEM at an acceleration voltage of 200 kV. The samples were 
concentrated, dropped on Formvar coated TEM grid, and air dried at room temperature. Scanning 
electron microscopy (SEM) measurements were performed using a Hitachi S-4800 field emission 
microscope at an acceleration voltage of 10 kV. The samples were prepared on Si wafers and then 
coated with Au/Pd. X-ray powder diffraction (XRD) was acquired with a Siemens-Bruker D5000 system 
and CuKα radiation. Zeta potentials were measured using a Malvern Zetasizer Nano ZS laser diffraction 
analyser. 
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4.3   Results and Discussion 
4.3.1   A non-etch method for creating yolk-shell structures 
 
Figure 27. Schematic concept of yolk-shell formation with cubic hematite crystal as the core. Illustrating 
this, transmission electron microscope (TEM) images of the growth pathway were taken at 6 h 
(encapsulation), 24 h (cavity growth), and 72 h (yolk-shell). 
There are several features immediately obvious upon imaging with TEM the yolk-shell formation 
pathway (Figure 27): 1) the shell nucleates directly on the core particles, creating polycrystalline 
continuous coverage, 2) the cavity between the core and the shell builds over time, and 3) the average 
shell thickness persists from the initial encapsulation to the final yolk-shell stage. PVP was introduced as 
non-selective polymer that can be adsorbed to various surfaces and facilitates the growth of ZIF-8 shells 
through the coordination with Zn2+ ions19 and to minimize the core particle aggregation before shell 
encapsulation. Regardless, PVP presence in the case of hematite core is non obligatory since similar 
structures can be obtained albeit severe aggregation (Figure 28).  
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Figure 28. TEM image of yolk-shell synthesis without PVP surface functionalization. This image shows 
that PVP is being advantageous to the encapsulation method by minimizing severe aggregation and 
allowing growth on any parent core particle to which the polymer adsorbs. Scale bar: 1 μm. 
 
Figure 29. XRD of (top) cubic hematite crystals, (middle) encapsulated hematite@ZIF-8, and (bottom) 
yolk-shell hematite@ZIF-8. Hematite peaks are marked () for comparison at 2 = 24.4, 34.3, and 35.9. 
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To support the argument of recrystallization via Oswald ripening, powder XRD data of core-shell and 
yolk-shell structures were monitored during the cavity growth. Considering the known kinetic formation 
of free standing ZIF-8 in methanol for the first 24 h,127 we expected the shell initial recrystallization to 
coincide with the time for the formation of free standing ZIF-8 particle (~24 h). Non-overlapping XRD 
peaks of ZIF-8 (2 = 7.9o and 13.4o) shows that at core-shell structure obtained at encapsulation stage 
(<8 h) has partially crystalline ZIF-8. In contrast, prominent ZIF-8 peaks are obtained for the final yolk-
shell structure indicating highly crystalline shell. They agree with the known peaks of simulated ZIF-8 
powders.40 
Surface investigation using scanning electron microscopy (SEM) shows that the shell conforms to the 
shape of the core particles. At the encapsulation stage (Figure 30b-c) of low crystallinity, the surface 
topography is less defined while the cubic morphology is more pronounced after the formation of cavity 
at the yolk-shell stage (Figure 30e-f). Notice that the shell exhibits no pattern of packing. The 
polycrystalline domains appear to coat the surface randomly without growth orientation preference. 
 
Figure 30. Encapsulated hematite@ZIF-8 imaged by TEM (a) and SEM (c-d). Yolk-shell of hematite@ZIF-8 
imaged by TEM (d) and SEM (e-f). Scale bars: 500 nm. 
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Notice that ZIF-8 recrystallization is necessary to form yolk-shell; this cavity formation mechanism 
requires reversible exchange of metal and ligand precursors from excess concentration in liquid to solid. 
Under conditions where we denied the excess of metal and ligand precursor needed to produce 
additional crystal growth, the intermediate structure was effectively arrested. We simulated deficiency 
of the precursor concentration by exchanging the supernatant with pure methanol, and found that the 
various growth stages formed at different elapsed time were stable, whether dispersed in excess solvent 
or vacuum dried. While it is true that excess precursor also promotes the nucleation of unwanted free 
standing ZIF-8 crystals, they can be separated during purification as the yolk-shell has larger density. It is 
unsurprising that the size and the crystallization rate of free standing ZIF-8 is unaffected by the presence 
of core particles, considering that heterogeneous growth is confined to the particle surface. On the 
other hand, as shell growth and recrystallization on particles is slower than on free-standing ZIF-8 
crystals, the resulting polycrystalline shells are comparatively smaller (Figure 31). 
 
Figure 31. This chart shows the thickness of shell (blue) and the size of free standing ZIF-8 crystals 
(black) in these experiments. 
4.3.2   Formation of cavity as a function of defect size 
Interfacial defects128-130 strongly correlate with the final structure after recrystallization. These 
can be probed by changing either the core particle size (core-shell boundary) or the shell particle size 
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(shell’s grain boundary) and inspecting the reaction from two governing points. First, the balance 
between adsorption and desorption rate of precursors on the growing crystals (in turn, it depends on 
external variables such as the solvent polarity, temperature, and precursor concentrations)19 and, 
secondly, the density of nucleation points (this is because for a given precursor concentration, a large 
number of nucleation points yields smaller crystals and vice-versa)64.  
 
Figure 32. The influence of ZIF-8 crystal size. The core particles are gold nanoparticle (a) and spherical 
SiO2 (b-d). When defects are too small, the polycrystalline shell encapsulates (a). When the crystals have 
comparable size (b) or too small (c), they attach poorly and continuous shells do not develop. To 
produce cavity, the shell crystal must be in an intermediate sweet spot of size relative to the core 
particle (d).  Scale bars: 500 nm. 
The balance is easily tipped in two ways. To suppress nucleation sites, one can introduce a ligand 
modulator. To achieve this, we chose a molar equivalent of 1-methylimidazole to the precursor ZIF-8 
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ligand, 2-methylimidazole. To augment the density of nucleation points, the concentration of metal and 
ligand precursors can be doubled. We found that small crystals (<100 nm) mostly do not attach to the 
core particles or when they do, they do so at low surface coverage (Figure 32c). In contrast, large 
crystals (>850 nm) attach but fail to form a continuous shell (Figure 32b). This means that for a given 
crystal size, the size of the parent core particle dictates the number of shell nucleation points. This may 
explain why smaller nanoparticles are easily incorporated into crystal domains so that yolk-shell is not 
observed. To produce voids, the shell crystal must be in an intermediate sweet spot of size relative to 
the core particle. 
4.3.3   Formation of cavity as a function of geometric curvature 
In Ostwald ripening, voids between shell and core are the expected outcome of shell 
polycrystallinity. Shell domains initiate at multiple nucleation points with similar growth rate.  As this 
produces stress when crystalline domains crowd against one another, one might expect the pathway to 
reduce the energy to be growing outward, away from the core. However, the lattice symmetry of ZIF-8 is 
incompatible with anisotropic growth that is preferentially perpendicular to the core; crystal growth is 
equally likely in all directions.131 As a result, the final polycrystalline shell thickness is also limited by the 
crystal’s capacity to grow parallel to the core surface.  
This is how the allowed shapes depend on geometric curvature (κ). Figure 33 illustrates how all final 
yolk-shell structures depend on various shapes of the core. A cubic hematite particle (6 planar surfaces: 
κ = 0) produces stress in the growing shell in all directions equally, hence a cavity that is large and 
symmetric. Spherical SiO2 (convex surface: κ > 0) tolerates better the growth of crystalline shell; as a 
result, the cavity is fairly narrow. It is interesting that other particles possess both curvatures, planar and 
convex. For example, we found that long rods of Au (aspect ratio = 8) form cavities only at the tips, 
presumably owing to more crystal growth in the linear direction. To test the case of a concave surface (κ 
< 0), we synthesized peanut-shaped hematite, which is convex along the tips and concave along the 
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waist. The convex geometry should not induce significant cavity formation, as expected by our previous 
experiment, but the coincidence of positive and negative curvatures forces stress to concentrate from 
the concave point. It is then alleviated by cavity development at the point where the curvature changes 
sign. This is confirmed by a close TEM look at the yolk-shell formation pathway of peanut-shaped 
hematite (Figure 34); cavity initiates from this spot before further expanding towards the convex side. 
 
Figure 33. Schematic illustrations of the dominant deformation directions during shell growth (top) and 
while yolk-shell structures form (middle), accompanied by representative TEM images (bottom) taken 
after 72h incubation period. Scale bars: 500 nm. 
 
Figure 34. SEM micrograph of void formation on rod concentrating on the tips (left) and peanut-like 
particle at 24h intermediate concentrating at the inflection point (right). Scale bars: 500 nm. 
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4.4   Conclusion and Outlook    
In summary, tentative design rules have been formulated to synthesized yolk-shell particles 
without need for the sacrificial template commonly used to this end. First, the strategy of initial polymer 
adsorption sets the stage to allow shells of polycrystalline coordination polymer to grow regardless of 
the chemical makeup of the parent core particle that is underneath. Second, we find it is essential to 
have a moderate nucleation density followed by slow crystal growth to generate continuous shell during 
Ostwald ripening. This can be achieved by fine-tuning the solvent polarity, precursor concentrations, and 
modulating ligands. A third design rule is that cavities form by shell deformation from anisotropic stress 
generated during the polycrystalline shell growth, in fashions predictable by considering the local mean 
curvature of the core particle.  
It is imperative to note that since the colloidal particle is 3D structures with continuous shell boundary (a 
close loop feedback), the cavity formation is affected not only by the underlying geometric curvature 
but also by its immediate neighbor. This behavior closely resembles that of complex shaped biominerals, 
such as bone, teeth, and shells, which are also composites of organic-inorganic materials. Sommerdjik 
and Cusack132 have noted that: for rigid crystals growing in high density and competing for space, the 
basic interplay set by biological organism is simply energetic equilibrium and topological boundary 
condition.  
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Chapter 5 
A Facile Method for Creating  
Water Stable MIL-96(Al) Colloids 
5.1   Introduction 
The practical application of colloidal MOF requires going beyond the bottom-up design of pore 
topology and chemical makeup, about which much is already known133,134 and to develop methods to 
control the mesostructure. By this, we mean control over their shape, size, and monodispersity in the 
colloidal-sized particulate form. Regulation of MOF geometrical structures is rarely without major 
change of the pore connectivity, although in selected systems, progress has been made already to 
regulate the size,72 uniformity,135 composition,70 and morphology28,39,54,55 of colloidal MOFs. Looking to 
potential applications where particles are immersed in aqueous media, we select a MOF system, an 
aluminum-based system with benzene tricarboxylic acid linker known as MIL-96(Al), for which the 
particles are thermodynamically stable in water,136 to demonstrate the robustness of our synthetic 
pathways. 
 
Figure 35. (Left) View of the corner-sharing aluminum octahedral in MIL-96(Al) with cis-cis-trans bonding 
sequence and the scheme of hydrogen bond interactions between water molecule and µ2-OH groups 
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bridging the aluminum of Al2 and Al3. (Right) View of the two types of cavities A (pore volume 417 Å3) 
and B (pore volume 635 Å3) found in MIL-96(Al).136 
The main idea is that the solvent, in which the synthesis is performed, can act as a modulator. Generally, 
it is common to regulate crystal shape by introducing modulators (capping agent, surfactants, or 
polymers) that adsorb preferentially to a favored crystal facet, consequently inhibiting its relative 
growth rate.28,39,54,55 But this is not the only possible variable to control: from another point of view,137,138 
the creation of facets can be approached as a crystallization process in which the solvent influences the 
facet growth rate, growth direction, and stability through its influence on surface supersaturation and 
temperature. For instance, solvent condition is one of the variables to guide the morphology of 
biomineral crystals.139 In the MOF field itself, several studies have shown that solvent mixture does play 
a role in the selection whether the product will be crystalline or amorphous, single-particle or 
clusters.140-142  
In this chapter, we show a route by which to vary the geometrical morphology of MIL-96(Al) crystals 
without the addition of capping ligand or polymer or surfactant (template free). The ratio of metal to 
ligand precursor and external temperature were kept constant while the cosolvents (DMF, Toluene, 
THF) were varied to modulate the lattice growth behavior through oversaturation. Acetic acid was 
introduced into the solvent mixtures not as capping ligand but simply to regulate the precursor ligand 
deprotonation which is crucial to suppressed delayed nucleation that may cause particle polydispersity. 
5.2   Experimental Section 
Materials. Aluminum nitrate nonahydrate (Al(NO3)3·9H2O; ACS reagent 98%), trimesic acid (BTC; 
95%), acetic acid (ACS reagent 99.7%) were obtained from Aldrich and used as received. Dimethyl-
formamide (DMF), toluene, and tetrahydrofurane (THF) cosolvent used were HPLC grade. HPLC grade 
THF solvents were used immediately to avoid the formation of peroxides. 
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Synthesis of MIL-96(Al) colloid. Al12O(OH)18(H2O)3(Al2(OH)4)[btc]6∙24H2O, MIL-96(Al) particles were 
synthesized as follows: Separately, 375 mg of aluminum nitrate nonehydrate and 210 mg of BTC ligand 
were dissolved in 4:1 ratio of water to DMF mixture (4.43 mL total) with 2 h sonication. Acetic acid (0.57 
mL) was then added to the metal solution and vortexed for 10 s before mixed to the ligand solution. The 
resulting mixture was heated at 130°C for 24 h. Truncated hexagonal bipyramid (THBP) particles were 
collected by multiple purification cycles (5000 rpm, 5 min) with MeOH and DMF at 0.45 wt% 
concentration. The particles were vacuum dried at room temperature before storing. Similarly, rounded 
THBP particles were synthesized by changing the water:DMF ratio to 1:1. Hexagonal bipyramid (HBP) 
particles were synthesized with 4:1 ratio of water:toluene mixture and spindle shaped particles were 
obtained with 4:1 ratio of water:THF mixture. 
 Physical Characterization. Scanning electron microscopy (SEM) measurements were performed 
using a Hitachi S-4800 field emission microscope at an accelerating voltage of 10 kV. The samples (5 µL, 
0.45 wt%) were dried on Si wafers and then coated with Au/Pd before SEM observation. The particles 
are dispersed in DMF (0.05 wt%) and evaporated slowly to form a loose packing on the silicon wafer. 
The larger truncated hexagonal bipyramidal particles (Figure 41a, red) aligned along its c direction while 
the spindle like particles (Figure 41b) aligned along its elongated part. Higher concentration of particles 
(0.1 wt%) were used to align the truncated hexagonal bypiramidal (Figure 41a, black) along its trapezoid 
facets. Atomic force microscopy (AFM) images were acquired using an Asylum Research MFP-3D AFM 
system under ambient conditions in tapping mode with a standard 300 kHz silicon tapping tip 
(BudgetSensors, radius 10 nm). Diluted samples (0.05 wt%) were deposited on pre-cleaned silicon wafer 
and vacuum dried. Thermal gravimetric analysis (TGA) measurements were performed using a Perkin 
Elmer TGA7 system under N2 gas flow with a heating rate 10 °C/min. Ceramic crucibles were used as 
sample holder to mount 10mg of crystals which was vacuum dried at 155°C to remove the remaining 
solvent. X-ray powder diffraction analysis was performed using a Siemens-Bruker D5000 system with 
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CuKα radiation. Out-of-plane X-ray diffraction (XRD) data were collected on a Philips X’pert MRD system 
in parallel beam configuration with Cu Kα source in point focus. The particles were diluted and 
deposited on Si wafers then dried in air. Sample alignment and peak optimization were carried out using 
reflection from Si (001). 
5.3   Results and Discussion 
5.3.1   Solvent control of MIL-96 morphology 
 
Figure 36. Scheme of the possible structures obtained in the aqueous synthesis of the aluminum-BTC 
metal organic framework (MOF) known as MIL-96(Al). The final colloid morphology from left to right are: 
truncated hexagonal bipyramid (THBP), rounded THBP, hexagonal bipyramid (HBP), and spindle shape. 
Metal source, aluminum nitrate nonahydrate, and precursor ligand, 1,3,5-benzenetricarboxylic 
acid (BTC), were mixed in a 1:4 ratio of DMF and water from which pH=1 was measured. The cosolvent 
DMF was selected as it completely dissolve the BTC ligand.  To encourage the formation of large and 
uniform crystals, conditions of slow heating and long incubation time were selected, 130oC for 24 h, 
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during initial trials. The truncated hexagonal bipyramid (THBP) morphology was obtained (Figure 37):  
two hexagonal facets on the top and the bottom, with twelve trapezoidal facets on the sides, each with 
the average angle of ~120o. These crystals were formed with reasonable polydipersity (12-20 μm, Figure 
38a) without the need to employ modulator. To improve the particle monodispersity, the nucleation 
rate was controlled by addition of acetic acid (10 mM), which modulates the deprotonation of BTC 
ligand (pKa = 3.12, 3.89, 4.70) without altering the relative growth rate of the crystal facets. The particle 
uniformity was significantly increased (Figure 38) without any change of geometrical shape.  
 
Figure 37. Scanning electron micrograph (SEM) images and further quantification of them. The SEM 
images show particles obtained from:  a) 1:4 ratio of DMF to water, b) 1:1 ratio of DMF to water, c) 1:4 
ratio of toluene to water, and d) 1:4 ratio of THF to water. Scale bars 10 μm. e) Histogram of the size 
distribution for each case. f) Powder x-ray diffraction (XRD) of each case, in which x-ray intensity is 
plotted against twice the diffraction angle. 
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Figure 38. SEM images of MIL-96(Al) synthesized with 4:1 ratio of water:DMF. Without acetic acid they 
are polydisperse (a) but with added acetic acid they are uniform in size and shape (b). Scale bar is 10 μm. 
 
Figure 39. Particle size plotted against acetic acid concentration at 130oC (a) and against temperature at 
10mM acetic acid concentration (b). 
Higher acetic acid concentration decreased the particle size further (Figure 39a) but over only a limited 
range. When the concentration was doubled (20 mM), the resulting particles were mostly amorphous, 
and an excess of acetic acid (40 mM) produced only nm-sized particles, as this concentration of acetic 
acid thoroughly suppresses the deprotonation of BTC and stabilizes metal cation complexes,141,143 
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preventing the growth of crystal. Accordingly, to regulate the final particle size, we regulated the 
temperature, finding that the higher the synthesis temperature, the smaller the resulting particles 
(Figure 39b). This can be reasonably attributed, by known principles of particle synthesis,64 to a higher 
nucleation rate such that reactants are distributed between a larger number of growing particles. 
Next, the solvent composition was varied while maintaining good solubility for the reactants. Decreasing 
the water-DMF ratio to 1:1 generated a more rounded hexagonal bipyramidal shape (Figure 37b), close 
to the original THBP except for smoother transitions between the upper and lower trapezoidal facets. 
Even lower water-DMF ratios were ineffective, however; they yielded semi-crystalline structures with 
rough surfaces indicating difficulty to crystallize in the DMF-rich solvent. In separate experiments, 
toluene (Figure 37c) and tetrahydrofuran (Figure 37d) were added as cosolvents. This yielded hexagonal 
bipyramid (HBP) and spindle-shaped particles respectively. In the case of immiscible cosolvents, 
heterogenous emulsions may synergistically decrease the nucleation rate.144  
The importance of modulating the nucleation rate is highlighted in the toluene and THF cosolvents 
without acetic acid. The resulting crystals geometry was very different:  it was polydisperse rods and 
plates (Figure 40c-d). Furthermore, a control experiment in THF cosolvent showed that modulating the 
nucleation rate using nitric acid (HNO3, 10 mM) gave similar spindle shapes (Figure 40b). This confirmed 
that acetic acid in fact did not contribute as a capping ligand with facet predilection.  
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Figure 40. (a) SEM image of MIL-96(Al) synthesized with 1:1 ratio of water:DMF and no acetic acid shows 
similar rounded THBP morphology but highly polydisperse. Scale bar is 10 μm. (b) SEM image of MIL-
96(Al) synthesized with 4:1 ratio of water:THF and 10mM HNO3 as nucleation modulator instead of 
acetic acid, showing polydisperse spindle like particles. (c) SEM image of MIL-96(Al) synthesized with 4:1 
ratio of water:toluene without acetic acid and its powder XRD pattern. (d) SEM image of MIL-96(Al) 
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synthesized with 4:1 ratio of water:THF without acetic acid and its powder XRD pattern. Scale bar for b-d 
are 20 μm. 
Powder XRD measurements were performed to confirm the underlying crystal structure as MIL-96(Al). 
Figure 37f shows that the diffraction peaks overlapped, regardless of the method of synthesis and 
particle morphology. To assess the growth directions, out-of-plane x-ray diffraction measurements were 
made. As particles of THBP shape lie flat on a surface with one trapezoidal facet parallel to the surface, 
XRD measurement perpendicular to the surface gives their growth direction. In Figure 41, the peak at 
~9.12° corresponds to {102} facet. To identify the growth direction at the truncation point, we 
synthesized a larger THBP particle to obtain larger truncation area and aligned its truncation to the 
substrate (Figure 41a, red). The major peaks at 5.65o and 17.05o correspond to the <002> and <006> 
directions, allowing us to assign hexagonal truncation as incomplete crystal growth along the c axis.  We 
measured similar XRD patterns for the triangular facets of HBP and the trapezoidal facets of rounded 
THBP particles (Figure 41a, black).  As for the spindle shape, which in an SEM micrograph may appear to 
the eye as quite different, the XRD patterns revealed it to be composed of two elongated hexagonal 
pyramids seamlessly connected at the long axis. Their alignment parallel to a substrate allowed 
measurement of the elongated parts. Why spindles formed, rather than rods, could be understood from 
inspecting the out-of-plane XRD pattern (Figure 41b), which revealed the existence of {102} facets from 
the pyramids and growth along the <200> to <204> directions (2θ = 14.29°, 14.65°, 15.46°, 16.68°, 
18.38°) as major peaks. Altogether: it seems that DMF slowed growth along the c axis, while THF and 
toluene had the reverse effect, producing elongation. This appears to be how geometrical shape was 
controlled, without sacrificing size and uniformity of the particles, and without modifying the crystal 
structure. 
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Figure 41. Out-of-plane XRD patterns of particles aligned on a substrate in various ways: a) truncated 
hexagonal bipyramidal (THBP) particles aligned in the truncation direction (red) and aligned along the 
trapezoid facet (black); b) spindle-shaped particles aligned parallel to their long axis. Scale bars 5 μm. 
 
Figure 42. Out of plane XRD patterns of (a) sharp THBP along with its pore opening on {102} facets and 
(b) rounded THBP showing preferential alignment along {102} facets as well as pore window on {002} 
facet. Scale bar for micrographs images are 5 μm. 
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Figure 43. SEM image of hexagonal rods obtained from increasing pH of solution to 4.5 by addition of 
NaOH. The elongated structure demonstrates growth preference along c-axis. Scale bar is 1 μm. 
In contrast to solvent, enhancing the favored growth rate through pH appeared less effective. When 
NaOH was added to give initial pH of 4.5, the BTC ligand deprotonation was enhanced. The greater 
availability of BTC ligand favored growth along the c axis and yielded hexagonal rods (Figure 43). 
However, this higher BTC concentration was accompanied by fast nucleation, hence producing 
polydisperse particle size. This typical occurrence was also noted upon amplifying the ratio of precursor 
ligand (BTC) by two times against that of metal. 
5.3.2   Stability of MIL-96 in dispersion 
Before stability in dispersion was tested, we first assessed the colloid thermal stability by TGA in 
inert nitrogen environment (Figure 44). The pore volumes (25 wt%) and decomposition temperatures 
(~550oC) was comparable to that of bulk MIL-96(Al).136 Regardless of their morphology, sharp drop in the 
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weight percentage only detected at higher temperature. Slight dip at ~330oC was observed for the 
particles synthesized in DMF cosolvent while those obtained from toluene and THF have relatively flat 
response up to ~380oC.  
 
Figure 44. Thermal gravimetric analysis measurements (TGA) of various MIL-96(Al). 
To test the surface stability for aqueous use, the particles were immersed in the water for up to 3 
months while examining them by SEM and AFM for possible changes of size and surface roughness, but 
the average particle size did not change, and the surfaces showed no obvious etching (Figures 45 and 46, 
respectively).   
 
Figure 45. SEM images of (a) rounded THBP, (b) HBP, and (c) spindle particles after they were immersed 
in water for 100 days. Scale bar = 5 µm. 
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Figure 46. AFM images of (a) 5.8 μm THBP, (b) 3.1 μm rounded THBP, and (c) 6.8 μm spindle particles 
showing the surface profiles of each after immersion in water for 3 months. 
Additional optical measurements of these particles suspended in water suggested that the particles 
remained stable in extremely acidic condition and up to pH=8, but not higher (Figure 47). To achieve 
environmental stability in a MOF system is challenging because of potential susceptibility to chemicals 
that oxidize or reduce the metal, or compete with the ligands for coordination to the metal. The 
encouraging environmental robustness just described suggests the present particles may find uses in 
aqueous media and environments where the humidity is high. 
 
Figure 47. SEM images of THBP colloidal MIL-96(Al) after (a) 100 days immersion in water (pH=6) and 
after 1 day immersion in (b) pH= 1 and (c) pH=10 respectively. Scale bar 4 μm.   
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5.4   Conclusion and Outlook    
This chapter describes the first attempt to synthesis MIL-96(Al) particles. Combining prior 
knowledge of modulating ligand deprotonation and quenching multiple nucleation stages, uniform MIL-
96(Al) can be successfully obtained. We deliberately added different cosolvents into our predetermined 
reaction conditions to affect the precursors’ oversaturation which changes the energy preference for 
facet formations and, hence, the crystal morphology. While the crystal shape is not yet predictable 
without first testing the effect of various cosolvents, the outcome can be rationalized a posteriori based 
on considerations of preferential facet growth. In this system, free of templating agents or capping 
ligand, the colloid particles are readily dispersed in aqueous solvent due to thermodynamic stability of 
MIL-96(Al) frameworks that can accommodate H2O molecules through hydrogen bond coordination.   
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Chapter 6 
Self-assembly of MIL-96(Al) Clusters  
in Phase Separated Solvent 
6.1   Introduction 
We live in an age when the long tradition of inspecting clusters of atoms and ions in atomic 
systems145 is now re-invigorated by the capacity to contrast theory and experiment regarding colloidal-
sized matter in which direct inspection of each cluster obviates the usual need for ensemble-averaging. 
In contrast to the electronic structures of atoms and ions that dominated earlier investigations, 
colloidal-sized particles have interesting shapes that can matter.  Furthermore, their interactions can be 
dominated by other subtle interactions – among them, gravity, the method of sample preparation that 
can lead to long-lived non-equilibrium but kinetically-stable states, and confinement, e.g. the shape the 
of boundary which can greatly affect the geometry of the clusters. 
Generally, one can be certain that confinement of particles will produce behavior different from that in 
the unbounded isotropic spaces (bulk) where the particle number (n) is infinite146,147 can be 
approximated to be in the thermodynamic limit).  As applied to colloidal-sized particles, there are 
interesting connections to fundamental problems of geometry, including spherical covering,148 spherical 
codes,149 sphere packing,150 and physics, such as the local structure in liquids and glasses.151-153 Further-
more, small clusters (with number of particles n ≤ 10) hold the possibility to be considered as building 
blocks (mesoblocks) for subsequent self-assembly of hierarchical structures with applications for 
example in the budding field of metamaterials.154   
In parallel, there has been a surge of studies on the self-assembly of non-spherical building blocks 
motivated by laboratory progress in the synthesis of colloidal-sized and nanoparticle-sized building 
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blocks. Glotzer and Solomon formulated a framework to view modifications on the building block level 
as anisotropy dimensions.29 Particle shape anisotropy155 and surface roughness156 have been shown to 
change details of orientation preference yet without changing the general principle that had emerged 
from the predictions of the original simulations: this prediction being that particles assemble into 
clusters which minimize the second moment of their mass distribution. A limitation is that studies of 
non-spherical particles have mostly focused on packing in bulk.  
In this chapter, we contrast simulation and experiment regarding 3D small clusters of one of two shapes: 
symmetrically facetted polyhedra of (i) truncated hexagonal bipyramids (THBP; Figure 48) and (ii) 
spindles (Figure 56) that are rounded shapes with faceted tips. Each system self-assembles inside the 
confinement of a shrinking liquid droplet. We concentrate on the clusters consisting of just a few 
particles with 2 ≤ n ≤ 6 because experimentally it is easier to resolve their structures accurately by 
optical inspection. 
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Figure 48. Schematic illustrating the general behavior of MIL-96(Al) self-assembly in water/2,6-lutidine 
mixture (CL) above the transition temperature (Tt) on hydrophobic substrates (formation of 3D packing) 
and hydrophilic substrates (formation of 2D packing). 
For the assembly system, we used an aqueous suspension of MIL-96(Al) which was emulsified in water 
and 2,6-lutidine as oil phase. Increasing the temperature causes an initiation of particle assembly, 
making the transition of particles from a pre-wetting state to a state of preference for water, which 
eventually led to the formation of a three-dimensional assembly formed inside the water rich phase. 
The particles were wrapped with silica to allow MIL-96(Al) to be incorporated in aqueous medium with 
ease. In addition, slica-wrapped particles eliminate the possibility of chemical or electrostatic 
discrepancies between multiple facets. The silica layer can then be tagged with fluorescence dye to 
enable confocal observation of the particles orientation in the cluster.  
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6.2   Experimental Section 
Materials. Tetraethyl orthosilicate (TEOS; reagent grade 98%), ammonia (NH3; anhydrous 99.8%), 
Poly(vinyl pyrrolidone) (PVP; weight-average molecular weight Mw = 40,000 g/mol), Rhodamine B 
isothiocyanate (RITC mixed isomers), and trichloro(octadecyl)silane (OTS; 90%) were purchased from 
Aldrich. TEOS and OTS were stored in sealed chambers and kept at 4oC. Rectangular Boro Capillaries (ID 
= 0.10 x 2.00 mm) were purchased from Vitrotubes and cleaned multiple times by soaking-drying cycle 
in ethanol to remove impurities. Latex spherical colloid were purchased from Invitrogen and purified in 
water before used (zeta potential -56 mV). 
MIL-96(Al) colloid coating with SiO2. MIL-96(Al) particles are synthesized and purified as previously 
described in Chapter 5.2 experimental section. To wrap the particles with silica, obtained particles were 
first dried. To a solution of 0.4 g of PVP dissolved in 10 mL of ethanol, 30 mg of MOF was added, and the 
solution was then stirred for 2 h to obtain an MOF dispersion. This dispersion was then filtered and 
washed with 10 mL of ethanol five times using centrifugation, and subsequently dispersed again in 45 
mL of ethanol, to which 1.5 mL of an ammonia solution and 175 µL of TEOS had been added earlier, and 
gently stirred for 24 h. Finally, silica-wrapped MOF were filtered, washed, and centrifuged with ethanol 
five times. Zeta potential of THBP MIL-96(Al) after silica wrapping was recorded at -45 mV (decreased 
from -8 mV). 
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Figure 49. SEM image of MIL-96(Al) THBP colloid after 100 days immersion in water/2,6-lutidine mixture, 
showing its morphological stability. 
SiO2 functionalization with fluorescent dye. To observe and evaluate MOF particles, we attached a 
fluorescent dye. 10 mg of silica-wrapped MOF was added to 50 mL of a RITC dye solution (1 mM in 
methanol), and the dispersion was incubated at room temperature for 24 h with gentle stirring. The 
excess dye was removed and the particle was purified with centrifugation in ethanol.  
Sample chamber setup. To induce 3D assembly structure, capillary tubes were coated with OTS by 
soaking the tubes in a solution of 1% OTS in toluene for 24 h. The capillary tubes were then soaked in 
bath with pure toluene to remove excess OTS, after which they were washed several times with toluene 
and ethanol. Once dried, the capillary was placed in contact with sample dispersed in water/2,6-lutidine 
mixture (XL = 0.4) to fill the volume before placed in parallel on top of a glass slide and sealed on both 
sides. The whole setup was then placed in calibrated temperature control chamber.     
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Figure 50. Configuration of sample setup inside the temperature control chamber. Calibration is 
performed by noting the transition temperature of known water/2,6-lutidine mixture without particle. 
 
Figure 51. Bright-field images of the spherical clusters for each n (right column). The schematic drawing 
of each configuration is also presented (left column). These configurations are similar to that of 
theoretical calculation by Manoharan et. al.157 for spherical particles. 
6.3   Results and Discussion 
6.3.1   3D Cluster formation by solvent phase separation 
The suspension under investigation was contained in a capillary tube modified with hydrophobic 
OTS to encourage the formation of three-dimensional water droplet at Tt. When the temperature was 
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decreased slightly below Tt, the volume of the droplet decreased marginally, forming an adjacent 
particles contact. Further volume reduction induced particle rearrangement in a new equilibrium to 
minimize the total surface energy while the capillary forces between the particles maintained the pre-
formed three-dimensional polyhedral clusters.157-159 Figure 52 shows the THBP-shaped MOF clusters 
formed from the water-in-oil emulsion. We obtained various configurations for specific number of 
particles inside a cluster (n), with 2 ≤ n ≤ 11 of cluster populations that depends on the particle 
concentration. In the suspension of 0.5 wt%, clusters of n ≤ 6 were notably high in pupolation while 
clusters of n > 9 can be obtained from suspension of 1.0 wt%. However, no three-dimensional clusters 
formation was formed in suspension of 2.0 wt% because of their particle high density. Instead, the 
water droplets were formed in between the particles. It is noticeable that the number of particles inside 
the droplet is an important factor that needs to be taken into account while designing the MOF clusters.  
 
Figure 52. (Top) SEM images showing two different facets of truncated hexagonal bipyramid (THBP) MIL-
96(Al) labelled as A (hexagon) and B (trapezoid). (a) Panels showing the representative bright field 
images and their space filling diagram for 3D clusters formed by THBP morphology. 
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In all cases, MOF clusters of a given n seem to have isostructural similarities with those identified by 
spherical particles (Figure 51).157 To explain this, we take into consideration not only the faceted nature 
of the particle but also the particle sphericity (Ψ), which informs the degree of closeness to sphere (Ψ = 
1).160 The sphericity of the THBP-shaped particle is calculated as 0.94 which may congruent for their 
isostructural cluster similarities.  
6.3.2   Computer simulations 
Before considering clusters any further, it is informative to consider how these polyhedra would 
assemble in the unbounded bulk state. First, we compare the assembly behavior of hard THBPs and hard 
spheres, which is a known system both in bulk161,162 and finite packings.150 According to simulations by 
Damasceno et. al.,163 the bulk behavior of shapes with high sphericity should be similar to that of the 
sphere and assemble plastic crystals (face-centered cubic). We carried out simulations of 2000 THBPs 
and found that they indeed spontaneously order into a plastic face-centered-cubic crystal above a 
critical packing fraction 0.52 (Figure 53). In other words, the bulk behavior of THBPs is effectively that of 
spheres, and is not influenced by the details of the polyhedral shape such as faces, edges, and vertices. 
We expect, however, that for small clusters the effective shape of THBPs will no longer be spherical. 
Note that the bulk simulations performed here, for particles in periodic boundary conditions, model a 
system in the thermodynamic limit, n  ∞. In the rest of the paper, we consider clusters inside a hard 
boundary which we slowly compressed until the pressure is nearing infinity. The cluster stops either 
because it has reached the most efficient packing, so it cannot rearrange any further in a way that is 
more efficient, or because it is stuck in a kinetic trap. The presence of confinement is a non-trivial 
problem, the cluster interacts with the boundary and, as we shall see, the behavior will be markedly 
different. 
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Figure 53. (Top left) Spontaneous crystallization of hard THBP particles formed face-centered cubic 
crystal with no orientational order. In order to see the crystal, we visualize the particle center (top right), 
calculate the bond order diagram (bottom left), and the radial distribution function (bottom right). 
6.3.3   THBP dimer interactions 
 
Figure 54. Dimer THBP with its alternative facet-to-facet interactions, all of them observed, illustrated in 
panels (i-iv). The alternative facet connections, between type A and type B, are illustrated systematically 
74 
 
We start by looking at experiments with just two THBP polyhedra; even this case of dimers 
emerges as complex system. As they form during compression into progressively-smaller spaces, there is 
a repulsive electrostatic force, an excluded volume, and an attractive capillary force. Assuming perfectly 
flat faces, the force to separate the confined liquid between two facets is then proportional to σ, the 
surface tension, and ε, the contact diameter. The particles possess largest Face B (trapezoid; Area = 2.06 
μm2) which is approximately 1.7 times the area of Face A (hexagon; Area = 1.22 μm2), and this dictates 
that the area of contact increases along Area(Face A-Face A) < Area(Face A-Face B) < Area(Face B-Face B) 
for equidistant particle separations. In other words, the attraction is largest for B faces due to their 
larger contact diameter. We surveyed the statistics for 100 dimers (Figure 54) and confirmed this 
expectation, finding it to be observed in 89% of the experiments. But it was not overwhelmingly 
detected; Face A-Face B (7%) and Face A-Face A (4%) were also found. While it seems that the smaller 
face-face interactions were disfavored, we find it significant that the experiments did also consistently 
find these instances of clusters that did not achieve the situation of lowest energy, yet persisted in time. 
In this same spirit, we found that Face B-Face B interactions also formed two species: parallel (trapezoid 
faces in alignment; Figure 54i) as well as anti-parallel (trapezoid faces in inverse alignment; Figure 54ii). 
Their abundance in similar ratio further implies non-alignment selective interaction. 
Evidently, the experiments did not equilibrate, not even for the simplest case of dimers. This is probably 
because of the high barrier to rotate these sharp-edged particles. Once within the influence of capillary 
attraction, which is long-ranged, dimers were essentially stuck in the facet-facet pairs that occurred 
randomly. The large population of Face B-Face B species is simply a statistical preference during 
interaction in which THBP has 12 Face B and 2 Face A. 
6.3.4   Packing preference of THBP in small clusters 
Packing fraction is defined as total volume of the particles in the cluster to the container volume 
itself. In simulations, we can calculate the densest possible clusters, but they form a distribution when 
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one compares the results of repeated simulations, so we also identify the least dense and the most 
abundant ones. Of course, the densest cluster is the one that geometrically packs best, but it need not 
be the one observed most frequently. We believe that discrepancies from the densest possible packing 
are kinetically (geometrically) trapped result. The confinement geometry is varied as variable of 
container shape (p = 0, 0.25, 0.5, 0.75, 1) to mimic the experimental conditions and, additionally, to 
investigate if the confinement geometry show distribution of packing fraction for clusters.  Crucial notes 
here in comparing the experimental results, which are the focus of this thesis, to those generated by the 
simulations, are as followed: 1) the aqueous confinement is created from the phase separation due to 
the particle hydrophilic nature; 2) the confinement does not need to be geometrically symmetrical due 
to gravity, interaction with the surface and the other particles in it; 3) the compression in a confined 
geometry may not be equilateral.  
Figure 55 contrasted the perfect cases of spherical confinement, the extreme gravitationally dominated 
packing of hemispherical confinement, and various truncated spheres in between. As depicted, we find 
that the least confining shape is spherical whilst the more asymmetric confinement has the tendency to 
form clusters of non-spherical shape, as one obviously must expect. For example, n = 3, all possible 
arrangements of these particles are planar so all different packing fractions, from most dense to least 
dense, stem from different particle orientations. In contrast for n = 4, we find for spherical confinement 
tetrahedral arrangements but as the container becomes increasingly asymmetric (lower p), a flattened 
rhomboid arrangement of lower packing fraction is obtained. For the example of n = 5, the spherically-
symmetric case of square pyramids shifts towards a flat pentagon and other less dense clusters. For n = 
6, the spherically-symmetric case of octahedral packing shifts to a family of alternative packing 
arrangements, predominantly pentagonal pyramids for the extreme case of hemispherical confinement. 
For all n, the more asymmetric container (p = 0) completely distorts all clusters into 2D arrangements 
which we expect if gravitational influence dominate the formation.  
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Comparing to experiments, we never observe the limit of planar structures that would be anticipated 
from extreme gravitationally-dominated packing (lower p). This signifies that: 1) the direction of 
capillary attraction is towards the geometrical center of the cluster mass, and 2) capillary forces 
dominate the actual structures that form. We observe excellent qualitative agreement with the 
simulations for spherical confinement but it is not quantitative, we believe because history-dependent 
particle orientations are frozen into the ultimate structures because of the way that they are formed. 
The experimental clusters are always less dense than predicted since the packing fraction was calculated 
with spheres as the point of reference, but the experimental droplet shapes are not necessarily 
spherical, so the actual packing fractions might be higher than estimated here. Note also a simplification 
of the simulation, which assumes no space occupied by liquid, and absence of any repulsive forces 
between the elemental particles. Both effects would drive the experimental packing fraction down.    
It is interesting to inquire why, as the simulations move progressively towards increasingly asymmetric 
confinement, we find a maximum packing fraction. Consecutive points in the maximum density plot (line 
connecting green stars in Figure 55) occur in two ways. When we truncate an infinitesimally small 
amount of the spherical container (p = 1) towards the more asymmetric container, we initially expect no 
change in the arrangement of the densest cluster. The packing fraction increases simply because the 
volume of the container has slightly reduced. This argument continues to hold up to a certain p until the 
cluster changes arrangement completely. After such a transition the packing fraction could go up or 
down, something that will depend on the details of the system, symmetries of particle shape, cluster, 
and boundary shape. If we follow, for example the n = 4, tetrahedral symmetry is observed going from 
p=1 to p=0.5 whilst, for p=0.25 and lower, the cluster is a flat square. We cannot predict when these 
transition will occur but we can state the following: (i) the shape of the container can greatly affect the 
morphology of the clusters so it needs to be taken into account; (ii) there are transitions in the 
morphology of the clusters that occur as a function of the container shape, which implies that we can 
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use the shape of the container as a control parameter in order to drive or bias towards certain cluster as 
well as (iii) switch between different clusters. 
 
Figure 55. Clusters containing numbers of particles n = 3, 4, 5 and 6, considered clockwise from top left.  
Depending on the container shape of the simulation (ordinate) the packing fraction is compared 
(abscissa) for the predicted most dense case  (green asterisks), most abundant case (orange circles) and 
least dense case (red crosses). For each of these cases, we include a snapshot of the cluster shape 
together with the corresponding ball-and-stick diagram. The colors are matched to the symbols (densest 
cluster is red, etc.). Comparison to experiment is indicated by the blue stars.  Schematic snapshots of the 
experimentally-observed clusters are included. 
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6.3.5   Packing preference of spindle in small clusters 
We examine our cluster system using a more rounded shape, a spindle-like particle. Spindles are 
made of six sides separated by sharp edges in which two triangular facets on opposing tips gently curve 
to each side (Figure 56). Side curvature on spindle contrasts THBPs where all facets have sharp edges. 
We expected that this gentle slope would lower the rotational energy barrier when compared with 
THBPs and rod-shaped164 particles. We are also interested to see whether the particles’ low sphericity 
(0.63) will drastically change how the particle is arranged in cluster. 
 
Figure 56. (a) SEM image of spindle-like particles with one of its side marked along the sharp edges and 
the triangular tip-curvature indicated with dotted line. Scale bar is 2.5 µm. Experimental images of (b) 
the formation of spindle dimers and (c) the resulting spindle clusters along with their space filling 
diagram. 
We subjected the spindle particles to the experimental procedure described for THBPs. The spindle 
interactions, evaluated from its dimerization, are following through either tip-to-tip attraction or side-
to-side attraction. While side-to-side dimers are stable and have the highest packing fraction, we note 
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that tip-to-tip dimers always evolve into side-to-side dimers. Even so, not all tip-to-tip dimers are 
identical, since spindles have equal probability to attract on adjacent and opposite ends of their tips. 
Comparatively, an even lower packing fraction is found when dimers are forming opposite tip-to-tip 
attraction where the optimization method involves one particle sliding against the other whilst rolling 
motion along the curvature is found on adjacent tip-to-tip interaction. The spindle dimer’s ability to 
always form the densest packing is clear evidence that the degree of curvature (shape as opposed to 
relaxation time) dictates the cluster ability to rearrange. We observe that side-to-side attraction is 
exclusively stable even for spindle trimer, and, as a result, favors the 3D clusters instead of the 2D 
arrangement found in THBP trimers. This interaction, however, is less significant at larger spindle 
clusters, n > 4, where the cluster interaction with the confinement became more dominant. Here, the 
spindle cluster has two options, either increasing the side-to-side attraction or increasing packing 
fraction as dictated by confinement boundary. To follow the later route, the interactions became non-
alignment selective and the effect of sharp edges should be considered as rotationally costly when the 
spindle tries to twist inside a cluster. Coupled with spindle low sphericity, the consequence of rotational 
trap in spindle is worse and yield large deviation for experimental packing fraction. The rotational effect 
for THBP particles has little consequence since its shape is nearly spherical. 
6.3.6   Quantifying packing stability of clusters 
All of the preformed clusters are sustained in continuous water-lutidine mixture slightly below Tt 
where water meniscus in the cluster was the dominating attractive force. This temperature condition is 
critical since further decreasing the temperature from Tt promotes the evacuation of water meniscus 
and destabilizes the clusters due to electronic repulsion between the particles.165 We applied ΔT as the 
criterion which informs us on the degree of temperature stability. Figure 57 shows that the structures 
with n = 4 are most structurally stable for each case, and this is reasonable because tetrahedron 
structure consists of equilateral triangles so it is naturally considered as the most stable structure. At 
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any other temperature point, the stability differences between the spherical and faceted clusters are 
noticeable albeit their comparable zeta potential and chemical composition. The spherical and THBP 
clusters were forming similar morphologies but higher cluster stability at broad temperature range was 
only observed for those of THBP. All spherical latex clusters disassemble immediately within a 
temperature range of 3°C below Tt. As a comparison, the THBP is stable up to 14oC below Tt which 
makes faceted particle a valuable building block in creating more stable system. We take into 
consideration the contribution of van der Waals force since the clustering should bring the particles into 
contact. However, capillary force is still the dominating force at play, at least for the initial cluster 
stabilization, due to its temperature dependent response.  
 
Figure 57. (a) Schematic illustration of the stability of clusters with n = 4. ΔT = Tt - Tdis, where Tdis is the 
disassembly temperature. (b) ΔT as a function of n for the spherical clusters (black squares), spindle 
clusters (orange triangles), and THBP clusters (blue circles). 
Unsurprisingly, the THBP particle clusters are more stable than those clusters made of spindle-like 
particles. For instance, the maximum ΔT THBP is 22°C while ΔT Spindle is recorded maximum at 11°C. 
Since THBP holds more distinct facet and possesses larger contact area between particles upon cluster 
composition compared to those of spindles, and therefore THBP’s facet-to-facet interaction between 
particles occurs more efficiently, thereby highly stabilizing cluster body and further influencing space 
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filling of the cluster. In addition, capillary forces between two particles are essentially dependent on 
their geometry as such forces are determined by the contact area between the two particles which in 
turn is dependent on particle geometry.166 The contact surface between the THBP particles is flat, and 
therefore, their contact area is large, as a result, they exhibit have much stronger capillary forces than 
spherical particles with a tiny contact surface. Spindle-like particles are characterized by hexagonal 
centers that elongated toward both ends, in comparison, constitute a more stable cluster exhibiting a 
large contact area relative to spherical particles. 
Therefore, it is expected that clusters composed of THBP particle display more outstanding stability than 
clusters’ composed of spindle particle. This can be observed more distinctively through the cross-
sectional image of clusters (Figure 58). In the case of n = 3, there is a perfect facet-to-facet interaction 
between the THBP particles. For n = 4, three particles aligned successfully with a ring shape at the 
bottom and an MOF was perfectly placed at the empty space in the middle, demonstrating energetically 
efficient space filling packing. On the other hand, the structure of the clusters with n ≥ 7 showed 
imperfectly alignment of MOFs and these clusters showed more empty space than clusters with n < 7. 
These results show that the temperature stability of clusters decreased with increasing number of 
particles because the unsuccessful facet-to-facet interaction between the particles reduces the contact 
area between particles and this results in ineffective space filling. 
 
Figure 58. Cross-sectional confocal of THBP and spindle like MIL-96(Al) showing their space filling and 
alignment in small 3D clusters. 
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6.4   Conclusion and Outlook    
Through experiment, we obtain kinetically stable clusters and compare them with simulations in 
order to elucidate the extent to which the experimental clusters maximize the packing fraction 
(geometrically densest). The results shown here demonstrate the significant effects exerted by the 
particle shape on the self-assembly and structural stability of particles. First, the faceted particles 
behave similar to its spherical counterpart: in that they formed clusters based on surface area 
minimization (geometrically densest). A delicate dependence on shape of the confining space is 
identified through the simulation at confined spaces.  Second, the faceted clusters deviation from those 
of spherical can be attributed to its edges. It seems that facets – in contrast to smooth, round surfaces 
of spherical elements – create a rotational barrier to geometrically-optimal packing resulting in history-
dependence when considering the arrangements observed experimentally. Third, the facet-to-facet 
interaction can highly stabilize the cluster bodies due to the large contact area between particles. Our 
results indicate that the capillary attractions between the facets may be sufficient to drive facet-to-facet 
attraction.  
We design our experimental system to focus on small clusters and, hence, this paper does not aim to 
answer the questions of particle behavior and packing when the cluster size became large enough as to 
compare to bulk size. From simulation point of view, this is certainly a field that is of interest. Our 
findings suggest that number of particles involved may not be the only variable to consider where to 
divide between cluster and bulk. The high rotation barrier from facets, coupled with the geometry 
factor, may shift their interaction.  
The interesting follow-up for the scope of small cluster assembly will be asking if the cluster formation is 
mechanistically dependent. Shorter range interactions, such as depletion force, may induce cluster with 
better packing but the lack of simultaneous multi-body interactions may not minimize packing due to 
strong facet-to-facet attraction. Regarding multi-body interaction, the small cluster formation is not a 
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seeded process but the same effect may not be true when significantly large particle size is involved. 
Combining the experimental approach with the simulation, we can explore the cluster variants and 
sufficiently generate possible mathematical trends. Yet, there is still a gap in understanding how a 
cluster is formed (e.g. the system specific condition under which a cluster is achievable) and when the 
transition actually occurs.  
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Appendix A 
Ionic Liquid Droplet in AC Electric Field 
A.1   Introduction 
This section describes preliminary results from experiments conducted by subjecting hydrophobic 
ionic liquid droplets with AC electric field. This work is an extension of our setup and approach in 
chapter 3 where breaking the symmetry of colloidal building blocks are proven to alter the dynamic non-
equilibrium of assembly behavior. The proof of concept here is to find new class of material responsive 
to polarization in AC field, similar to metal, but can be density matched with the solvent to open new 
possibility of 3D active motion based on electrohydrodynamic flow as driving force. The parameter of 
consideration in selecting new class of material is by considering the following: 1) in liquid form at room 
temperature, 2) has high relative permittivity, 3) has low density, 4) is hydrophobic in aqueous solvent. 
Our approach is selecting highly asymmetric ionic species that has liquid properties at or near room 
temperature due to its steric hindrance (dielectric constant of ionic liquid can be modulated)167. For soft 
structures like droplet, the temporal and spatial patterns from AC field need to be distinguishable from 
the possibility of motion by spontaneous droplet discharging, chemical propulsion or Marangoni 
effect.168-171 Hence, we screened thermally stable hydrophobic ionic liquid that is non-soluble in water 
over the experiment duration; long alkyl chain for the cation and hydrophobic bis[(trifluoromethyl) 
sulfonyl] imide (NTf2) compound for the anion.172,173 In the interest of breaking the symmetry, we also 
establish the formation of Janus ionic liquid and observed their expected behavior under AC field. This 
asymmetric droplet opens exciting future directions for several reasons: 1) assembly of soft droplets has 
not been explored aside from simple mixing174 and vesicle formation175,176; 2) the density matched 
droplet allows the development of 3D interactive system which currently cannot be explored due to 
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silica/metal density; 3) unlike prefabricated hard particle, the phase separation process is highly tunable 
for the formation of Janus or flexible multi-patches droplets.   
A.2   Experimental Section 
Material. Trihexyltetradecyl-phosphonium bis(trifluoromethylsulfonyl)imide ([P66614][NTf2]; 99%), 
and triethylsulfonium bis(trifluoromethylsulfonyl)imide ([Set3][NTf2]; 99%) were purchased from 
IoLiTech Inc and kept in sealed container before used. Silicone oil ([-Si(CH3)2O-]n; viscosity 5, 10, 100, and 
1000 cSt), polyethylene glycol sorbitan monostearate (Tween 60), dodecyl sodium sulfate (SDS; 99%), 
Nile Red (C20H18N2O2; 98%), and 1,2,3-propanetriol (glycerol; 99.5%) were purchased from Aldrich and 
used as received. Indium Tin Oxide (ITO) coated cover slips (22×22 mm) with 8-12 Ω resistivity were 
purchased from SPI supplies.  
Droplet formation. First, solvent mixture was prepared by dissolving non-ionic surfactant 3wt% of 
Tween 60 and 20wt% glycerol in water (ρ = 1.05 g/cm3)177 with sonication at 50oC. Then, pure droplets 
were formed by vigorous vortexing of 100 mg [P66614][NTf2] ionic liquid (𝜀𝑟 = 35, ρ = 1.07 g/cm
3) in 5 g of 
previously prepared solvent. The resulting droplets are polydispersed with particle charge and size 
distributions, statistic obtained from bright field microscope summarized in Table 4 and Figure 59 
respectively. Unlike [P66614][NTf2] ionic liquid which stability over 24h can be confirmed through zeta 
potential and conductivity measurements, [Set3][NTf2] droplet was slowly dissolving since its cation has 
smaller radius and easily diffusing to the solvent (Figure 60).  
Table 4. Summary of zeta measurement for pure droplet formed by [P66614][NTf2] in various mixtures. 
Sample Solvent 
Zeta 
(mV) 
Mobility 
(µm cm/Vs) 
Conductivity 
(mS/cm) 
P66614 water -31 -1.53 0.0773 
P66614 + nile red water -33.9 -2.66 0.183 
P66614 1wt% Tween 60, water -19.6 -1.537 0.0354 
P66614 3wt% Tween 60, water -13.2 -1.032 0.0942 
P66614 20 wt% glycerol, 3wt% Tween 60, water -22 -1.722 0.0895 
P66614 + nile red 20 wt% glycerol, 3wt% Tween 60, water -30 -1.09 0.0854 
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Figure 59. (Left) Chemical structure of [P66614][NTf2] ionic liquid and its droplet structure based on the 
zeta potential. (Right) Graph showing the size distribution of droplet in various mixtures. Given the long 
alkyl chains on the phosphonium, we predicted droplet structure to be sponge-like178 than alternating 
charging layers. 
 
Figure 60. (Left) Graph showing increasing conductivity of [Set3][NTf2] ionic liquid over time due to 
smaller cation slowly diffusing to solvent. (Right) Chemical structure of [Set3][NTf2]. 
Janus droplets formation. Nile Red dye (0.01 wt%; absorption λmax at 553 nm) was mixed with ionic 
liquid to distinguish from silicone both under bright field and confocal microscopy. Equal ratio of ionic 
liquid and silicone oil (𝜀𝑟 = 2.2-2.8, ρ = 0.97 g/cm
3) were weighed and vortexed in 5 g of prepared 
solvent. The resulting droplets are polydisperse in nature and the ionic liquid/silicone oil interface can 
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be quantified either using bright field or confocal microscopy under 50x objective and 561 nm 
excitation. Janus droplets were formed by phase separation in emulsion; the compartmentalization (i.e. 
Janus or multipatches) depends on the interfacial tension ratio between ionic liquid, silicone oil, and 
solvent mixture of certain surfactant.179-181 This field by itself is an interesting emulsion study, 
particularly when combined with crosslinking and microfluidic,182 but beyond the scope of this thesis. 
We simplify our approach by using 1000 cSt silicone oil at 50 wt% ratio for our standard Janus droplet.  
Nevertheless, there are two notes on the droplet formation and their response to AC field: 1) less 
viscous silicone oil, namely 5 to 10 cSt, formed a double layer instead of Janus droplets. The behavior 
observed in density matched system was similar to those of charged hard particles where 1D chain 
formation was observed due to dipole alignment. 2) 100 cSt silicone oil gave both Janus droplet and 
multi-patches droplet where each patch is responsive to electric field and seems to contribute to the 
overall direction of droplet motion. 
 
Figure 61. Confocal or bright field images of droplet formed by [P66614][NTf2] ionic liquid and silicone 
oil of specified viscosity and weight ratio. Bright spot in confocal and dark spot in bright field images 
indicating the presence of Nile Red in ionic liquid respectively. Scale bar is 10 μm. 
Coating of transparent electrode. Hydrophobic ionic liquid droplet interacts strongly with the 
unmodified ITO surfaces. To give hydrophilic coating on ITO, thin film SiO2 was deposited via PECVD in 
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Nitrogen atmosphere (250oC). 20nm of SiO2 film, measured by ellipsometry in Figure 63, was obtained 
from recipe as followed: 1) Gas stabilization (SiH4 490sccm, N2O 603sccm, N2 800sccm, 900mT) for 90s; 
2) Oxide deposition (SiH4 490sccm, N2O 603sccm, N2 800sccm, 900mT, 25W) for 60s; 3) nitrogen purging 
(N2 800sccm, 1000mT) for 30s. Figure 64 showed the mean standard average of roughness of the 
deposited film to be less than 8 nm. 
 
Figure 62. Ellipsometry data of unmodified ITO coating on 1.5 mm glass slides as purchased. 
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Figure 63. Ellipsometry data of ITO after SiO2 coating showing oxide thin film thickness as 21 nm. 
 
Figure 64. AFM measurement of ITO before (left) and after (right) deposition of SiO2 thin film via PECVD 
showing negligible changes of surface roughness. 
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A.3   Results and Discussion 
A.3.1   Ionic liquid droplet in AC field 
The polydispersity of droplets size in this system gave an overview to the ionic liquid droplet 
interactions. There is no motion detected in bright field microscope before applying AC field and the 
system response is instantaneous upon switching the field On/Off. Under 1 KHz and 83.3 V/cm, three 
distinct droplets behaviors can be tracked and classified. First, droplets of similar diameter repulsed 
each other due to their surface charge and dipole polarity (Figure 65). Second, droplets with slight 
mismatched in size are attracted to each other and attached irreversibly (Figure 66). This attachment is 
due to the smaller droplet trying to align the dipole by moving closer to the surface and experiencing 
electrohydrodynamic flow near the electrode.183 In our case, the droplet that attached does not fuse at 
frequency between 1-8 KHz, below which surface wetting occurred due to instability of electric double 
layers. Third, droplets with large size difference are showing 2D periodic bouncing motions. Closer 
inspection using confocal microscopy indicates that the bouncing trajectory of smallest droplet is in 3D 
which coincide with its separation distance between large and smallest droplet (Figure 67). We can 
eliminate the charging/discharging as the primary cause of this periodic bouncing due to large cation 
size but the constant repulsion-attraction cycle is maybe caused by accumulation of surface charge 
when the smallest particle is too close coupled with the quadrupolar electrohydrodynamic flow pattern 
that ejecting the droplet from equator before it has time to form attachment to the large droplet.184 
 
Figure 65. (a, b) Particle polarization and charge distribution under AC field. (c, d) Bright field images of 
ionic liquid droplets of similar size show dipole repulsion under AC field (after 42 s; out of plane). 
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Figure 66. MATLAB tracking showing droplet attachment under bright field microscope due to slight size 
difference. The speeds of droplets are function of size, field strength, and frequency. 
 
Figure 67. Confocal tracking on small particle distance and height over time showing 3 periodic cycles. 
A.3.2   Janus ionic liquid droplet in AC field 
For Janus droplets, the expected motion is similar to that of metallodielectric particles with thin 
Janus shell. The classical driving force is electrohydrodynamic flow due to the imbalance polarization of 
double layer on the droplet surface due to nonuniform response to AC field.185 In the case for Janus ionic 
liquid, difference of electric constant (~12x) between silicone oil and ionic liquid is sufficient to break the 
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symmetry. The Janus droplets, given heavier ionic liquid patch at the bottom, first rotate their 
orientation to align the dipole with the applied field (out of the plane). Then, they swim at random 
respective to the XY plane (red arrows in Figure 68b) with ionic liquid patch (material of higher relative 
permittivity) at the back. 
 
Figure 68. (a) Janus ionic liquid under bright field microscope, (b) after 48 s, and (c) 87 s of AC field (1 
KHz, 83.3 V/mm out of plane) swimming with the ionic liquid part at the back. 
While the droplets are in motion, they are stable and tracked as a straight line unless their paths are 
merging to other droplet in the same plane. Of which case, the incompressible fluid between the two 
droplets circumvent collision.  
 
Figure 69. (a) Two Janus ionic liquid droplets under bright field microscope, (b) after 17 s, (c) 26 s, and 
(c) 46 s of AC field (1 KHz, 83.3 V/mm out of plane). They are initially swimming along linear track before 
pausing upon encountering the other droplet to avoid collision and finally switching directions. 
Non-colliding preference can be switched to collision, for application such as mixing, using oil of lower 
viscosity (e.g. 100 cSt silicone oil) as displayed in Figure 71. Note that due to silicone oil viscosity, there is 
a delay before the phase separation was completed after mixing. This region of viscosity is particularly 
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fascinating since patchy droplet can be formed, in our case arbitrarily due to our method of vortexing, in 
addition to Janus droplet. A significant improvement for selectivity, Janus or multi-patches, along with 
droplet size can be introduced via microfluidic droplet formation. Regardless, Figure 70 shows that 
multi-patches both determine the direction where the droplet swims. With the ability of controlling 
droplet size, number of patches, location of patches, or movement of patches, better insights can be 
projected. The strength and direction of movement are predicted to be in direct relation to the 
aforementioned variables. Assuming the projected patches in Figure 70 have similar area and hence 
equal strength of propulsion, the velocity decomposition in 2D shows that the angled patch follows the 
direction of the remaining vector (moving to the left). 
 
Figure 70. (a-c) Bright field images of droplet with two adjacent patches of ionic liquid at 135o angle. The 
dominant motion towards the left side is an added vector from both patches while the larger patch on 
the bottom contributing towards upward motion. 
 
Figure 71. Bright field microscope images showing Janus droplet (a-b) swimming (63 s), (c) colliding (98 
s), (d) followed by mixing (150 s), and finally complete phase separation between oil and ionic liquid 
patches (220 s).   
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When the droplets heights were out of plane, due to density matching system, they prefer to align as a 
chain with their ionic liquid patches on top of each other and then the chain droplet follow a shared 
trajectory throughout (Figure 72). The coupling behavior of chain droplet is surprisingly persistent over 
long period of time and does not discriminate over droplet size. An interesting note gathered from this 
system is that the bottom particle prefer to align alongside its larger patch due to superior dipole 
minimization. Still, the additional – and smaller – patch on the bottom particle also interacts during the 
propulsion. As a result, we can tracked the droplet rotation inside the moving chain. This phenomenon 
of active chain twisting is a first example to proof that patchy droplets do not only undergo translational 
active motion but also actively reorient in 3D. Potentially, it will be interesting to compare this active 
chain with 1D hard particle chain where the monomer is simply locked in fixed configuration. At the 
current stage, we have shown the interaction of one or two Janus droplets in density matched system. 
Moving forward, uniform system of higher droplet concentration is a high interest to study for their 
ability of swimming, assembly, and pattern formation in relation to time- and length-scale dependent 
interactions. 
 
Figure 72. Bright field images showing two droplets of Janus (top) and having two-patches (bottom) (a) 
before and (b) after overlap. (c-d) Overlapping Janus droplet swimming synchronously over shared 
trajectory (138 s). 
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